NY0-72382
(ACCESSION NUMBER) ~ /(%; / 0

(CODE)

-
(PAGES)
Zﬁ /7 272 é
(HNASA CR OR THMX GR AD MBER) (CATEGORY)

FACILITY FORM 602




Semi-Annual Progress Report No. 9

y to the

J

/

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

in connection with

NASA Grant NGR 47-004-006
Part 1 of 8 parts
ADMINISTRATIVE AND FINANCIAL INFORMATION

Virginia Polytechnic Institute

Blacksburg, Virginia

September, 1969

\«jzezfadétcéé_‘__r ' (U K\‘\}l 7'/ [< AN L é U
Fred W. Bull, Chairman Coyt T./Wilson, Acting Dean
NASA Grant Committee Research Division

Inquiries relating to this report should be addressed to the Dean, Graduate
School, Virginia Polytechnic Institute, Blacksburg, Virginia 24061,
Telephone (703) 552-6691.



Semi-Annual Progress Report No. 9
NASA Grant NGR 47-004-006
-~ Virginia Polytechnic Institute
September, 1969

Introduction

This report is a compilation of technical reports in which an effort
is made to present status of projects funded by the grant. Considering
the relatively short duration of the grant, these reports may be regarded
as the continuation of an output which will be sustained even beyond the
time when NASA funds are no longer involved. Although almost all of this
report is represented by technical reports, a brief summary of administrative
and financial information is included so as to present some perspective of
the scope of the current program. Only brief comments are made in reference
to projects not reporting here in depth, most of which will be reported in

detail in subsequent progress reports.

Administrative Information

The grant management remains as described in the previous progress
reports. Responsibility for policy and project selection is vested in a
special committee headed by Dr. Fred Bull, Dean of the Graduate School.
General administration of the grant and the individual projects funded from
the grant is the responsibility of the Research Division under the
direction of Dr. Coyt Wilson. |

The current membership of the NASA Multidisciplinary Grant Committee
is as follows:

Dr. Fred W. Bull, Chairman, Dean of the Graduate School



Dr: James A. Jacobs, Head, Department of Physics
Dr. Daniel Frederick, Professor, Department of Engineering Mechanics
Dr. Paul B. Siegel, Professor, Department of Poultry Science

Dr. Leslie F, Malpass, Vice President for Academic Affairs, ex-
officio member (Dr. Malpass recently succeeded Dr. Warren W. Brandt)

Dr. Coyt Wilson, Acting Dean, Research Division, ex-officio member.

Each principal investigator desiring support from the NASA Multidis-
ciplinary Grant is asked to submit a brief proposal to this committee for
review and evaluation. The committee, or a special ad hoc committee formed
for this purpose, makes the selection and recommends funding. The Research
Division notifies the principal investigator, his department head and dean,
and sets up an auditable account for purposes of keeping the fiscal records

of the project.’

Financial Information

The basic grant and supplements received to date are as follows:

Identification Period  Amount Purpose

NGR 47-004-006 March 1, 1965 3 yrs. $200,000 The Basic Grant-General
Suppl. No. 1 Sept. 1, 1965 30 mo. 100,000 Physics

Suppl. No. 2 Sept. 1, 1965 30 mo. 50,000 Physics

Suppl. No. 3 March 1, 1966 40 mo. 175,000  $25,000 Physics, $150,000

General

Suppl. No. 4 Sept. 1, 1966 3 yrs. 50,000 Physics

Suppl. No. 5 Sept. 1, 1967 3 yrs. 36,000 Physics

Suppl. No. 6 Sept. 1, 1967 3 yrs. 80,000  General

Total $691,000
The funds appropriated as shown above were for two specific and
separate space~related purposes: (1) general science and engineering
research projects and (2) research specifically in the area of intermediate-

energy physics. At the outset, it appeared to be an administrative conven-



ience to combine these programs under one grant. This proved not to be

the case,~however, and.effective September 1, 1967, the support of inter-
mediate-energy physics research was discontinued under this grant number and
superseded by NGR 47-004-033. A recapitulation of the grant and supplements,

divided according to purpose, is shown below:

General Space~Related Research

March 1, 1965 - February 29, 1966 $100,000

March 1, 1966 - August 31, 1967 150,000
September 1, 1967 - August 31, 1968 70,000
Septembgr 1, 1968 - August 31, 1969 65,000
September 1, 1969 - August 31, 1970 45,000
Subtotal ' $430,000

Intermediate—Enérgy Physics 261,000
Total $691,000

Table I shows the breakdown of the manner in which various space-
related research projects have been supported with NASA funds up to the

date of this progress report.

Technical Reports

This Administrative and Financial Information report is identified

as Part 1 of Progress Report No. 9. The major technical reports covering
progress on several individual projects are provided as separate parts of
this Progress Report No. 9 as follows:
Part 2 - "Determination of Selective Stimulus Control by Part of
a Compound Sal;" Final Report, by D.F. Johnson, B.N.

Kinder and G.N. Scarboro.
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Part 3 "Time-Resolved X-ray Diffraction Microscopy: Development
of a New Technique," Final Report, by K. Reifsnider.

Part 4

"High Vacuum System and Instrumentation for Measuring
the Derivative of the Current-Voltage Characteristics of
a Langmuir Probe,'" Final Report by R.H. Bond and F.E.
Baker, Jr.

Part 5

"A Fully Bakeable D.C. Glow Discharge Tube for Measurement
of Directed Electron Velocity Distributions with a Langmuir
Probe," Final Report by R.H. Bond and K.E. Skrivseth,

Part 6 - ﬁA Comparison 6f Theoretical and Experimental Directed

Electron Velocity Distribution in Rare Gas Discharges,"
Final Report by R.H. Bond and M.G. Funk, Jr.

Also attached as Part 7 of this Progress Report No. 9 is a Science
Information Exchange form which provides an abstract for one project for
which such a form has not previously been submitted.

In addition to the major reports which comprise the following parts
of Progress Report No. 9, brief reports of progress on several other projects
are included in this Part 1. In some instances investigators supplied
additional more extensive progress reports énd these are included as
Part 8 of_thié Progress Report No. 9. The brief progress reports are as
follows:

1. "Interaction of °OTi with Protons and Neutréns," by R.J. Onega.

2. "Effect of Weightlessness on Cellular and Subcellular Metabolism

in Human Cells," by R.R. Schmidt.

3. '"Organo-Cobalt Oxygen-Carrying Complexes,' by L.T. Taylor.

4, ‘"Rotational Motions of a Satellite," by F.H. Lutze, Jr.



“"The Effects of Restricted Movement on Protein Metabolism and
Body Composition,” by S.J. Ritchey. )

"Electrocatalysis of the Oxidation of Organic Fuel Materials
Using an Oxidation-Reduction Couple as Catalyst," by J.G.
Mason.

Variable Parameter Network Design,'" by H.F. VanLandingham.
"Method for Calculating the Flow Field Over Aerodynamic
Decelerators," by F.R. DeJarnette.

"Preparation of Glass-Ceramic Composites by Controlled Crystalli-

zation Techniques," by J.J. Brown.

10. '"Effect of Water Vapor on the Burning Rate of Aluminum and
Magnesium Wire," by C.H. Long.

11. "A Theoretical Investigation of Low Mass Meteroid Cut-off,"

- by R.J. Adler.

12. "The Psychophysiological Correlates of Learning," by J.
Germana.

13. '"Harmonic Vibrations of Viscoelastic Layered Media," by D.
Frederick.

14. 'Characterization of Anerobes from the Normal Human Flora,"
by J.J. Johnson (for W.E.C. Moore).

15. "A Study of Spacecraft Powerplant Condensors,' by W.P. Goss.

16. '"Transport Phenomena in Metals," by J. Long.

Report No. 1 - "Interaction of SOTi with Protons and Neutrons'

Principal Investigator: R.J. Onega

Department of Physics

The interaction of protons and neutrons on titanium is an important

consideration for space travel due to the biological damage that may result



from cosmic rays impinging on the space craft material. The purpose
of this work was to investigate the gamma rays emitted from the (P,y),
(P,P'x) reactions and the gamma rays following the beta decay of SOTi
produced by the 5OTi(n,x)SlTi reaction.

Slpy,

There were three gamma rays emitted following the beta decay of
Their energiés were 0.319, 0.613 and 0.934 MeV with relative intensities of
100, 3.75 + 0.4 and 8.8 + 0.8 respectively. The half life for the decay
of 2171 was 5.80 min. The °lTi sample was made by pneumatically firing
a sample of 5OTi into the VPI 100 keV reactor whose flux was 1012 n/cmz?sec
and irradiating for about 1 minute. The sample was then withdrawn from
the reactor and counted.

The VPI Van de Graaf accelerator was used to study the 5OTi(P,zs‘)Slv
and 50Ti(P,P'S‘)SOTi reactions. Only the gamma rays were observed after the
reaction so that no differentiation of the gamma rays arising from the
(P,y) and (P,P's) reactions was made. The experiments were carried out
at 1.5 MeV, 2.25 MeV and 3.0 MeV incoming proton beam energy. The 5OTi
was deposited on a bismuth backing and inserted into the proton beam. The
gamma rays were observed with a NaI(T1l) detector and the end point energy
was about 10 MeV for the 3 MeV incoming proton beam and about 8.5 MeV for
the 1.5 incoming proton beam.

The proton interaction gamma rays could produce a radiation hazard
* for the men in the space vehicle. The cosmic rays themselves would
produce neutrons by interactions with space vehicle, the neutrons in
turn would constitute a hazard to the personnel. The neutrons could also
give rise to a gamma ray environment due to the (n,&) reactions as

well as the fact that radioactive nucleil would be produced and emit

radiation after the beta decay of nucleus.
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Report No. 2 - "Effect of Weightlessuness on Cellular and Subcellular
Metabolism in Human Cells'

Principal Investigator: R.R. Schmidt
Department of Biochemistry and Nutrition

One major goal of the first phase of this research project was to eluci-
date the biochemical mechanisms regulating the synthesis of enzymes located
within subcellular organelles and the cytoplasm of eukaryotic cells during
their cell cycle. Excellent progress has been made in this area in the
last 6 months.

1. Carboxydismutase, an enzyme solely located in the chloroplast, is
synthesized during the early part of the cell cycle when neither the
chloroplast nor nuclear DNA is replicating, thus eliminating the proposal
that gene transcription (read-out of the genetic code) is obligately
coupled to gene replication. Comparison of rates of synthesis of the
enzyme in daughfer cells, having received a prior dark treatment, to those
selected from continuously lighted cultures with Ficoll gradients in-
dicates that the rate of synthesis of this enzyme is controlled primarily by
end-product repression. The structural gene for this enzyme appears to
be fully derepressed following a 6 hour dark period.

2. In contrast to carboxydismutase,'the cytoplasmic form of the enzyme
aspartate transcarbamylase, appears to be synthesized in direct parallel
with the replication of nuclear DNA, suggesting that the synthesis of
this enzyme is coupled to the replication of DNA or that the structural
gene of this enzyme is fully repressed at all times. That the latter
possibility is correct comes from the finding that uracil added to the culture
does not further repress the synthesis of this enzyme. In these studies,
uracil was shown to enter the cell and to be used for RNA synthesis.

3. Two forms of glutamic dehydrogenase have been discovered in Chlorella,
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one requiring PDPNH and the other TPNH as a coenzyme. The synthesis of
these two isoenzyme appears‘to be independently controlled during the
cell cycle. The intracellular location of these enzymes is currently
being investigated.

4. New procedures for the extraction and quantitation of total
cellular DNA were developed.

5. Studies on estimating the purity of chloroplasts and mitochondria
isolated on discontinous and continuous density gradients of sucrose

were also performed.

Report No. 3 - "Organo-Cobalt Oxygen-Carrying Complexes"

Principal Investigator: L. T. Taylor
: Department of Chemistry

The primary goals of this research are (1) to synthesize
structurally related but electronically different cobalt (II) complexes
which reversibly add oxygen and determine their stability to repeated
cyclizations and (2) to completely describe the interaction or bonding
between the oxygen molecule and cobalt complex by application of as many
of the modern structural techniques as possible. The oxygen adducts of
such compounds would probably have the following postulated structure

where X may be a wvariety of donor atoms.of differing ligand field strengths.
0

; N’/
(cu ) (CH )

Since commencement of this research project (January 1, 1969) efforts
have been channelled toward (1) synthesizing the pentadentate ligands

which are required for complexation with cobalt (II), (2) gaining a better
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understanding of the non~0xyg%?ated complexes of cobalt (II), nickel (II) and
copper (II) with several of these pentadentate ligands and (3) the construction
of a magnetic susceptibility balance.

At the outset of this work only one of the desired pentadentate ligands
was known, SALDPT (n=3, X=N-H). The following ligands have now synthesized
and characterized: SALDIEN (n=2, X=N-H), SALDAES (n=2, X=8), SALDAPE
(n=3, X=0) and SALDAPS (n=3, X=S). These ligands have been prepared by the
interaction of salicylaldehyde with the corresponding polyamine, which in
several cases had not been synthesized previously, in a Schiff base reaction.

It was felt that an adequate knowledge of the precursors was necessary
for any results concerning the oxygen adducts to be meaningful. Therefore
the physical, chemical and sterochemical properties of the non-oxygenated
complexes of cobalt (II) as well as nickel (II) and copper (II) were inves-
tigated. The létter two metal ions were included in hopes that the results
gained from these metal ion systems would aid in unraveling the factors
responsible for reversible oxygenation with certain cobalt systems. (i.e.
Chemical and structural theories are considerably advanced in relation to
cobalt complexes and nickel and copper systems are less susceptible to
attack by oxygen.)

Complexes of the previously mentioned metal ions have been prepared
with SALDIEN and SALDAES. Complexes of general formula M(SALDIEN), M(SALDAES)
and M(SALDAES) (HZO) have been isolated. Magnetic and spectrophotometric
studies have shown the stereochemistry of these complexes to be four
coordinate square planar, high spin five coordinate and pseudo octahedral
six coordinate respectively. The results with M(SALDIEN) have proven
interesting in that only four of the potentially five donor atoms of SALDIEN

appear to be coordinated to the metal ion whereas all five donor atoms of
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SALDAES are believed to be coordinated. Studies with nickel and copper
were especilally usefulAin this regard). These findings may be rationalized
on the basis of the relative sizes of the unique donor atom in each ligand.
A study of stereomodels of complexes with these two ligands reveals that
with n=2 the ligand must undergo quite severe strain in order for the X
donor atom to reach a fifth coordination position on the metal. Sulfur
being a larger atom than nitrogen as evidenced by its greater van der Waal's
radius is more able to reach this coordination position on the metal. Sulfur
being a larger atom than nitrégen as evidenced by its greater van der Waal's
radius 1s more able to reach this coordination position than is nitrogen.
This interpretation is supported b} independent findings concerning complexes
of SALDPT (n=3, X=N-H) that show the secondary nitrogen coordinated. In
other words, the methylene carbon chain has been increased by two carbons
which allows the nitrogen atom to more easily approach the fifth coordination
position of the metal.

Present{y, reactivity of the cobalt complexes of SALDIEN and SALDAES
toward oxygen 1s suspected but no conclusive evidence is available. The
reactivity of these materials in solution and in the solid state with
oxygen under a variety of conditions is planned. Reactions of cobalt (II) with
other appropriately designed ligands is also anticipated in the near future.
Experimehts dealing with the kinetics of oxygenation of known cobalt systems
via an electron spin resonance technique are also planned in conjunction
with Professor R.E. Dessy of this department.

Along with this experimental work, some effort has been directed
toward the construction of both Gouy and Faraday magnetic susceptibility
balances. It is believed that the spin state of the metal atom plays a
major role in determining whether reversible oxygenation will take place.

Construction of this facility will enable information of this type to be

obtained more readily.
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Report No. 4 - "Rotational Motions of a Satellite'

Principal Investigator: F. H. Lutze, Jr.
Department of Aerospace Engineering

In this investigation, the in-plane rotational motion of an arbitrary
shaped satellite is studied for the possibility of "locked-in" motion at
rotational rates higher than one rotation per orbit revolution (1/1).

The motion of the planet Mercury relative to the Sun (3/2) suggests that
higher rotational locks are possible.

The principal parameters involved in such "lock-in" motion are the
shape of the elliptical orbit, determined by the orbit eccentricity, e,

(0<e<l) and the shape of the satellite determined by the satellite parameter,

a, where a = 0 csrresponds to a spherical satellite and a = 1, a dumbell shaped
satellite. Congequently the investigation is broken down into studying the
motion for two situations: (1) small a, arbitrary e; and (2) arbitrary a and e.

Small a case

For a = 0, the satellite experiences no gravitational torque and
consequently continues to rotate at its original rate regardless of the
eccentricity of the orbit. Such a solution serves as a generating solution
for the case of small a. The averaging technique of Kryloff and Bugoliuboff
as applied by Chernous'ko (1963) was used to investigate this case and the
main results are outlined here. (see figure)

(1) Locked-in motion is possible for locks given as n/2, where n is
an integer,

(2) The eccentricity for which a given lock reaches its strongest
locked-in motion increases with rotational lock.

(3) In most cases, the axis of least moment of inertia must be nearly

aligned with the radius vector at periapse for a stable rotational lock.
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Arbitrary a and e case

The in-plane rotational equation of motion for a satellite has been
shown to have odd 2T periodic solutions. These solutions have been shown
to extend to the case where the satellite is in an n/2 rotational lock. The
"initial" conditions at periapse for such periodic solutions were determined
for various values of the parameters a and e. Small disturbances about the
periodic solutions were considered and the resulting linear equations were
investigated by numerical integrations. Floquet theory was applied to determine
stability of the periodic solutions. Second order terms in the small dis-
turbances are now being investigated in order to find the range of validity
for the stability results.

Non~periodic solutions are being investigated for their stability by
a stroboscopic analysis in the phase plane using the results of numerical
integration. It is intended to correlate the results of fhis investigation
in a manner which will enable lock strength, satellite parameter and orbit

eccentricity to be related as in the small a case.
REFERENCES

Beletskii, V. V.: 1966, Motion of an Artificial Satellite About Its Center

of Mass, NASA TTF-429, pp 257-261.

Brereton, R. C. and Modi, V. J.: 1966, "On the Stability of Planer Librations
of a Dumbell Satellite in an Elliptic Orbit,'" Royal Aeronautical Society
70, 1098-1102.

Chernous'ko, F. L.: 1963, '"Resonance Phenomena in the Motion of a Satellite
Relative to Its Mass Center,'" U.S.S.R. Computational Mathematics and
Mathematical Phys. 3, 699-713.

Zlatoustov, V. A., et al: 1964, "A Study of the Oscillations of a Satellite

in the Plane of an Eliptic Orbit," Cosmic Research 2, 569-576.
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Report No. 5 - "The Effects of Restricted Movement on Protein Metabolism and
Body Composition"

Principal Investigator: S. J. Ritchey
Department of Human Nutrition and Foods

The effects of certain conditions imposed upon man in space ventures
on body composition and protein metabolism are continuing under this project.
An experiment designed to test the effects of severe weight loss as a result
of restricted movement upon recovery of weight and length of life is pres-
ently in progress. Preliminary data from this experiment are reported herein.

Adult rats were assigned to weight groups and then to one of three
treatments:

1. Restficted movement - housed in small restriction units so that
there was a minimum of movement. Given access to food and water
one hour daily.

2. Pair-fed controls - each restricted animal (Group 1) had a pair
mate in this group. The pair mate was not restricted in movement,
but was given the same amount of food as the restricted mate.

3. Ad Libitum Control - allowed free movement and both feed and
water were accessible at all times,

During the restricted period, both the restricted animals and the pair-
fed controls lost considerable weight (Table 1). The amount of weight loss was
greater in the restricted animals, thus suggesting that restriction per se
may be a major determinant. Statistical analyses have not been accomplished
at the time of this report, but in seven of the nine pairs the restricted

animal lost more weight.



Table 1.

Treatment

Restricted Movement
Pair-Fed Control

Ad Libitum Control

After a 7-day

ad libitum.

18

Changes in weight during_ 7-day period of

restricted movement

Av. Initial Wt. Av.
()

Final Wt.

Change in

Wt. (%)

208.1

208.2

208.7

-23.5

-18.2

+10.5

restriction period, all animals were allowed feed and water

Both the restricted and the pair-fed controls regained weight quite

rapidly (Table 25, although neither group weighed as much as the ad libitum

controls after 56 days of free movement.

Data will be collected to determine

the effect of severe restriction and loss in weight upon length of life.

Table 2.

Treatment

Restricted Movement
Pair-Fed Control

Ad Libitum Control

Changes in weight during recovery period

following restricted movement

Wt. at End

Weights Following

Initial Wt. of Restriction Period of Restriction
() () Day 7 Day 28 Day 56
208.1 159.2 204.0  318.9 378.5
208.2 170.3 215.6  313.3 368.3
208.7 230.7 253.8 330.0 394.0

Another experiment designed to determine changes in individual tissue

components during restriction and weight loss is being planned.

lData are average of 9 animals per group.
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Report No. 6 - "Electrocatalysis of the Oxidation of Organic Fuel Materials
Using an Oxidation-Reduction Couple as Catalyst'

Principal Investigator: J. G. Mason
Department of Chemistry

As reported previously, the current investigation has been divided into
two parts:

(1) the investigation of the oxidation of aliphatic alcohols with
electrogenerated halogens, and

(2) platinum catalysis of redox processes.

For part (1), the results of the Clp oxidation of isopropanol are being
prepared for publication. The results previously reported for the Bryp oxida-
tion have been confirmed in detail using spectrophotometric measurement. The
rates appear to be markedly sensitive to acidity and to indicate considerably
more mechanistic complexity than the Cly oxidation. The results of this
study indicate that Clyp is the simple halogen of choice to date. Oxidations
of other alcohols have been accomplished, however, the products are rapidly
chlorinated destroying the catalytic efficiency. Investigations into mixed
halogens as oxidants are being initiated.

Part (2) has been concerned with the reported catalysis of the T1(III) =~
Fe{II) reaction by sheet platinum. Current work has confirmed the reported
data on the thermal rate and demonstrated that the catalysis is a function of
the nature of the platinum surface. Platinum electrodes which have been
preoxidized exhibit virtually no catalytic effect. Pre-reduced electrodes
show catalysis. Electrode potentials have been measured as a function of the
reaction time for both the thermal and catalyzed rates. It appears that these
potentials are not adequately described by considering equilibrium processes
at the platinum survaces. The previous work of others (Gilks and Waind, Disc.

Faraday Soc. 29, 135 (1960)) reported that the effect of platinum was due
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not to catalysis of the primary reaction but to the elimination of the back

reaction of equation (1).

k

113 + pe?t L m?t 4 opedt (1)
ky
2 2 k
Fe?t + pe2t 53 mit 4 pe3t (2)
k

The catalytic effect arises from acceleration of reaction (2). Results
obtained in this laboratory indicate that both preconditioning of the electrode
and electrode size are vital factorg in determining the measured rates. While
simple kinetics ‘are obtained in the‘presence of Pt, the magnitude of kl
is significantly larger than that measured for the thermal rate. Presently, the
investigation of the relation between the potential of the electrode surface and
the catalytic effect using controlled potential electrolysis techniques is in

progress.

Report No. 7 - "Variable Parameter Network Design"

Principal Investigator: H. F. VanLandingham
Department of Electrical Engineering

The project has been delayed in order to develop an appropriate back-
ground in a research assistant. Up to this time, primary effort has been directed
toward equipment acquisition - circuit components and test equipment have been

obtained.

Report No. 8 - "Method for Calculating the Flow Field Over Aerodynamic
Decelerators'

Principal Investigator: F. R. DeJarnette
Department of Aerospace Engineering

The purpose of this research is to develop a method for calculating

the flow field over aerodynamic decelerators which are deployed in the wake
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of a vehicle traveling at supersonic speeds. For the decelerator, the wake
produces a nonuniform free stream which has been found to cause the decelerator
flow~field to deviate significantly from that of a uniform free stream.
Previous research at VPI has also shown that boundary layer separation can
occur, even on sucﬁ simple shapes as pointed cones. The net result is a large
change in the aerodynamic performance of decelerators, e.g. drag and stability
coefficients, when compared with the performance for a uniform free stream.

The current approach is to formulate a method to calculate the inviscid
flow field and then use the surface solution from this method to calculate
the boundary layer properties up to the separation point. Beyond the point
of boundary layer separation, the inviscid solution will be continued using a
free streamline instead of the body surface as the inner boundary.

The inviscid flow-field method is being developed from a modified form
of a combined inverse method - method of characteristics, which was developed
by Inoyue, Rakich, and Lomax in NASA TN D-2970. In particular the shock
wave conditions must account for the nonuniform free stream, and the inner
boundary beyond the separation point must be a free streamline. Laminar
boundary layer computations, up to the separation point, will be performed
by the method of Davis and Flugge-Lotz (J. Fluid Mechanics, 1964).

Presently, the inviscid flow-field method is being programmed for
pointed and blunted cones at zero angle of attack. Experimental wake profiles
(determined by Campbell and Grow, NASA TN D-5365) will be used as the non-

uniform free stream in the flow-field computations.

Report No. 9 - "Preparation of Glass-Ceramic Composites by Controlled
Crystallization Techniques"

Principal Investigator: J. J. Brown
Department of Metals and Ceramic Engineering
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Strengthening of glass by introducing a second immiscible phase

was investigated using a portion of the ternary system SiOZ, LiZO, and

Ti0,. The major portion of the work was confined to compositions taken along
the 70 weight percent Si0p isopleth. Modulus of rupture (bending) and elasti-
city data indicate that strengthening increases as the TiQ, content is
increased beginning with composition "C" (a miscible glass), which yielded

an average modulus of rupture strength of 20,900 psi. A marked increase was
recorded as compositions were formed inside the immiscibility region and
continued until a maximum of 34,600 psi was attained with a TiO, content of
approximately 15 weight percent, At this point, nucleation could no longer be
controlled and crystallization became predominant when 20 weight percent TiOp
was used. The modulus of rupture (bending) of this crystallized composition

decreased rapidly, yielding an average strength of 26,800 psi.

Report No. 10 - "Effect of Water Vapor on the Burning Rate of Aluminum
and Magnesium Wire"

Principal Investigator: C. H. Long
Department of Mechanical Engineering

Work has been done on the burning of wires oriented horizontally in
environments at high pressures when heating them to rupture point by
passing a current through them. The burning rate, along with other
phenomena, was measured as the flame moved along the two parts of the
wire or ribbon.

It was proposed in 1966 that an investigation should be conducted
on vertical wires ignited at one end. These tests should be conducted at
elevated pressures and temperatures, the burning phenomena observed, and the
burning rate determined for various amounts of moisture and oxygen composing

the environment in the chamber. This was done in dry oxygen at room
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temperature and pressures up to forty atmospheres and reported in September,
1967 as Phase T of this project.

In 1968 the project was extended (Phase II) by mixing given quantities
of moisture with the oxygen at pressures up to twenty atmospheres.

It was found that heating of the oxygen and the chamber wall to 280°F
approximately, in order to allow all the moisture admitted to evaporate into
steam, had a very definite effect of increasing the burning rate of aluminum
and magnesium wires up to approximately fifteen atmospheres while the
addition of the moisture increased the burning rate of aluminum up to
approximately six atmospheres but had no beneficial effect on the burning
rate of magnesium.

A final report will appear in the V.P.I. semi-annual report, April,

1970.

Report No. 11 - "A Theoretical Investigation of Low Mass Meteoroid Cut—off"

Principal Investigator: R. J. Adler
Department of Physics

Work on this project is nearly complete, and we believe that the
most relevant mechanisms have been investigated. The hypothesis of a
low mass cut-off is consistent with particleApenetration data from the
Explorer, Pegasus, and Ariel II probes.

The Poynting Robertson effect, predicted by special relativity,
involves a tangential drag on a particle in solar orbit. Such a drag
causes the particle to eventually spiral into the sun, or be blown out of
the system by radiation pressure. This effect has been investigated; as a
numerical example of our findings we find that a particle of size 5 x 1072 cm,
density 3.5 gm/cc, in a circular orbit of 3 AU, will fall into the sun in
- 107 years if it is not blown out by radiation pressure. This is short

compared to the age of the solar system.
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The second mechanism investigated is that of particle-particle
collisions, usually referred to as comminution processes. Two situations
are dominant for high velocity collisions: one particle is destroyed,
or both are catastrophically fragmented. The size of particles, due to
such comminution processes, decreases to the point where solar radiation
pressure ejects them from the system.

It remains to investigate the effects of the sun's electromagnetic
field, including "normal" fields and the complex solar mind.

Our tentative conclusion is that the comminution processes dominate,
and reduce particle size to a point where solar radiation pressure ejects
them from the solar system. The significance of the work for manned space-
flight (especially crossings of the asteroid belt) is obvious; other implica-

tions of the work have appeared and will be discussed in the final work.
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Report No. 12 - "The Psycholophysiological Correlates of Learning"

Principal Investigator: J. Germana
Department of Psychology

The purpose of this research was to investigate the nature of the
autonomic, activational responses (e.g., galvanic skin responses, cardiac
responses) which accompany learnimg or conditioning. Briefly, the present
investigator has shown that as subjects are learning, as they are acquir-
ing the "correct' responses, activafional responses to the conditioned
stimuli demonstrate systematic, trial-by-trial increments. These incre~-
ments in activation typically occur on those trials immediately preceding
the attainment of criterion performance, i.e., while the subjects are
making their final errors. Subsequent to response acquisition, activa-
tional responses decrease in magnitude.

The pfesent investigator has suggested that activational responses
constitute_pfeparations to respond overtly, that they support and facilitate
behavior, and that they may be anticipated correlates of situations in which:
(a) subjects are required to go from a period of inactivity to one of
behavioral responding; (b) subjects are undergoing a transition to a more
complex or sustalned behavior éequence; and, (c) subjects are required to
learn a behavioral response to a stimulus and, in the early stages of acqui-
sition, cannot initiate a specific preparation to respond. This interpreta-
tion of activational responses, then equates the autonomic and somatic
activity, described as activational, with intensilve and extensive prepara-
tions to respond behaviorally.

The research which has been carried out under this project has con-
sistently supported this general view of activational responsés and the

specific interpretation which has been offered as an explanation of the
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psychophysiological correlates of learning. A detailed description of

these experiments will be presented in the terminal report.

Report No. 13 -~ '"Harmonic Vibrations of Viscoelastic Layered Media"

Principal Investigator: D. Frederick
Department of Engineering Mechanics

For steady state vibrations, the stresses, strains, and displace-
ments in the three-dimensional theory of harmonic vibrations of linearly

viscoelastic bodles of arbitrary shape are taken in the form

Gy = Re (7 jpelet) (1a)
e jk = Re (& 5™ (1b)
uy = Re (4 3@ ﬂot) (1c)

where ij, ij, and uj are the desired stresses, strains, and displacements,
respectively, the corresponding quantities with a bar are complex functions of
position,wis the frequency, t is the time, j and k take on the values 1, 2,
3, and Re means to select the real part.

Based upon the above forms, the solution for forced torsional

oscillations of a circular cylindrical bar is

ug = Re [ Ar(elk® _ e’ikx)eiwt] (2)
where ug is the displacement, r is the radius, x is the axial coordinate,
k = k' - ik", k' is the propagation constant, and k" is the attenuation

constant. The factor Re (Ar e+ikx +iwt

)} is a minus x traveling wave of torsion,
and Re (Ar e~ikx +i‘”t) is an identical wave traveling in the plus x direction.
Thus the solution is expressed by the difference of two interacting spacially-
damped waves. This observation led to the conclusion that for free vibration,
iwt-dt

the commonly accepted method of selecting the time dependence as e is

only an approximation of what is actually occurring in the freely vibrating
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body .

The problem being investigated at present is forced torsional
oscillations of a circular cylindrical sandwich shell. This shell is
composed of a viscoelastic core between two elastic layers. All layers are
symmetrically arranged. The reason for choosing torsional oscillations is
to avoid the appearance of the bulk modulus in the equations. Very little
experimental data exists for the bulk modulus of a viscoelastic material since
such materials are usually nearly incompressible resulting in difficulties in
measurement. However, a large amount of experimental data exists for the
shear modulus for many viscoelastic materials, and one of these materials
will be chosen for the core of the shell. The displacement, principal shear
stress, and an approximation of the small delamination shear stress
tending to cause separation of the layers will be computed for a shell
made of the sélected materials.

An analysis of the vibrating Timoshenko beam was performed in which
the normal to the middle surface was divided into three equal segments each
of which remains straight but rotates independently of the other segments
during deformation. A comparison with the published literature showed
that this procedure results in an improvement of the governing equations.
This analysis is currently being applied to the sandwich shell mentioned
above. The normal to the middle surface is divided into three equal seg-
ments in the core plus a segment in each of the two thin outer layers.
Again, each segment remains straight during deformation but rotates in-
dependently of the other segments. These rotations approximate the war-

page of the cross-sectional surfaces due to transverse shear.
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Report No. 14 - '"Characterization of Anerobes from the Normal Human Flora'

Principal Investigator: J. L. Johnson (for W.E.C. Moore)
Department of Veterinary Sclence

The project was established Januvary 1, 1969 and provides salary
for one technician, The technician assists in the preparation and
analysis of samples of deoxyribonucleic acid (DNA) from anaerobic
bacteria. Among the organisms under investigation are representative

strains from the genus Corynebacterium (anaerobic strains), Propioni-

bacterium, and Clostridium.

The anaerobic bacteria on earth are indigenous to most environments
including the intestinal tract and the skin of animals and man, the soil
and the sea. " The bulk of these anaerobic bacteria, however, have not
been studied or have been studied only to a limited extent. A large
percent of all isolates cannot now be recognized. With improved isolation
methods now available, one may detect many that apparently have not been seen
before. The purpose of this project is to determine, at the level of the
genetic material (DNA), relationships within and between various groups
of anaerobic bacteria. These relationships are determined by measuring
the ratios of purine and pyrimidine bases in the DNA and by comparing the
arrangement of the bases in the DNA from the various organisms. These
analysis will allow the détermination of the types of bacteria within the
groups and to determine phenotypic characteristics that accurately
differentiate the different types. This information will be of interest to
the manned space flight program and to the evolution of interplanetary
quarantine control,

DNA preparations from 45 strains of clostridia and from 95 strains of

anaerobic corynebacteria and propionibacteria have been analyzed. In some



instances the results show distinct types of anaerobes in groups of super-
ficially similar organisms and in other cases show a high degree of

similarity among organisms that were thought to be distinct.

Report No. 15 - "A Study of Space Craft Powerplant Condensors'

Principal Investigator: W. P. Goss
Department of Mechanical Engineering

The four phase program has been proceding in accordance with the
program of study. The first two phases have been completed and work is
progressing into the third phase.

The completed work includes the programming of thermodynamic and
transport properties of Freon - 113 and potassium into digital computer
subroutines and the development of improved empirical correlations. The
specific correlations studied were the wall shear stress and the interfacial
shear stress for turbulent, condensing liquid films. These correlations
were obtained through the application of momentum integral techniques.

This consists of writing the momentum equation of the liquid film in
integral form, and assuming velocity and eddy viscosity distributions

in the film. The distributions assumed were different from the classical
forms assumed for single phase systems since the mechanics of turbulent
two-phase flows are not the same as in single phase flows. The unknown
constants in these distributions were obtained from experimental data found
in the literature. The initial results indicate that the correlations
compare quite well with a wide range of experimental conditions.

The above correlations and property data have been incorporated into
the theoretical model for the condenser tube. Several computer runs have

been made for steam condensers and the analytical results compare quite
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well with the experimental data. The Freon-113 and potassium condenser
computer runs are presently being set up and will be run in the near

future.

Report No. 16 ~ "Transport Phenomena in Metals"

Principal Investigator: J. Long
‘ Department of Physics

The object of this project was to develop a laboratory and perform
measurements which would elucidate some details of electrical and thermal
transport phenomena in complex metals. An emphasis was placed on an under-
standing of processes which are fundamental to thermoelectric phenomena.

It was argued that»certain aspects of these phenomena might be well suited
for application to a magnetothermoelectric energy conversion device in a
spécecraft. Magnetothermoelectric energy conversion devices are usually

of limited value due to lack of sufficiently large magnetic fields and a
suitable low temperature reservoir. If, however, a cryogenic magnet should
be employed in the spacecraft for any reason such as charged cosmic ray
shielding, the arguments in favor of including a magnetothermoelectric
energy conversion device became obvious.

Under joint support of this project grant and funds of the Common-
wealth of Virginia a program for the study of magnetotransport phenomena
in complex metals was initiated. Commonwealth funds were used primarily
for the purpose of purchasing a 50 kOe superconducting magnet and current
source. NASA funds were used to build or purchase the cryogenic apparatus
necessary to operate the magnet, electronic instruments necessary to

measure the transport effects, and metallic single crystal specimens.

The process of selection or design and construction of suitable
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apparatus for the work consumed most of the fpnds and manpower expended
on this project under NASA support. The devélopment of an experimental
capability. has been the primary consequence of this projéct to date.
Experiments are now possible which utilize d.c. and phase sensitive
detection of sub-microvolt potentials in metals which experieﬁbe an
environment of temperatures down to 1 Kelvin and magnetic fieids in
excess of 50 kOe.

Concurrently with the program of apparatus development, preliminary
measurements of the electrical resistivity of the conducting refractory
compounds TiN and TiC were performed. Although these compounds have
many interesting and promising properties, further work on them is in
doubt due to problems of sample preparation.

Also concurrently with the development of apparatus, the Summer
fesearch time which was made possible by this grant was utilized for the
completion of a similar project begun under previous support by ARPA. A
large amount of raw data on the magneto-transport effects in tuﬁgsten was
reduced, analyzed and interpreted. This effort resulted in the preparation
of three publications on transport phenomena in tungsten which will be
submitted to the Physical Review. Support for these publications is
credited jointly to NASA and ARPA. The papers are titled:

I. The Behavior of the Thermal and Electrical Transport Coefficients

of Tungsten at High Magnetic Fields and Low Temperatures by
" Jerome R. Long.
II. The Relation of Tramsport Coefficients to Fermi Surface Details
in Tungsten by Jerome R. Long.
I1I. Lattice Conduction, Lorentz Numbers and Apparent Drag Effects iﬁ

Tungsten by Jerome R, Long.
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Eight Whire King pigeons were trained to
peck at each of four stimuli presented alone:
white vertical line, white horizontal line, red
background, green background. Then each
pigeon was given 10 sessions of single
stimuldus  discrimination  training and -5
sessions of compound stimulus
discrimination training with these stimuli;
four pigeons received single stimulus
training first and four received compound
stimulus training first. Vertical line and
green  background were always  SD
components, and horizontal line and red
background were always S A components. In
generalization tests, when all four -timuli
were again presented alone, nonresponding
was selectively controlled by the single
stimulus  discrimination  training, SA,
regardless of training sequence.

Selective stimulus control of responding
by a single component. of a compound
stimulus correlated with reinforcement has
often been demonstrated, e.g., Lashiey
(1938), Reynolds (1961). Reynolds trained
two pigeons to discriminate a white triangle
on a red background from a white circle ona
green background. When these four stimuli,
including the two S2 components, were
presented alone in an extinction test, one S
responded only to the red background and
the second S responded only to the white
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triangle. Johnson & Cumming (1968)
recently demonstrated control of selection
among components of a compound stimulus
by training a discrimination between single
components separate from their appearance
in acompound stimulus discrimination.

In these experiments, selection occurred
with respect to components of positive
compound training stimuli. Since
responding to SA components was
essentially zero, it would appear that
nonresponding was nonselectively
controlled by components of the negative
compound training stimuli. However,
without prior measure of response strength
to each stimulus component, it is
impossible, as Eckerman (1967) pointed
out, “...to determine whether this
non-selective control reflects a reduction of
response strength in both components or the
mere absence of response strength to these
two stimuli [p. 299].”

Eckerman (1967) trained three pigeons to
peck at each of four stimuli alone before
repeating the essential conditions of the
Reynolds experiment. Compound stimulus
discrimination training employed a white
vertical line on a green background as SD
and a white horizontal line on a red
background as SA. When these four
components were again presented alone in
an extinction test, nonresponding by atleast
one S during the test was selectively
controlled by the red background.

The present experiment obtained prior
response measures to four stimulus
components, then trained a single stimulus
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discrimination either before or after a
component stimulus discrimination using
the four stimuli.

SUBJECTS

Eight 5- to 6-year-old White Carneau and
White King cock pigeons were maintained at
80% free-feeding body weights and were
experimentally naive at the outset.

APPARATUS

A standard pigeon operant chamber
(LVE 1519) had a single pecking key which
could be transilluminated from behind by an
IEE display unit. The automatic feeder
presented grain (50% Kaffir, 40% vetch, 10%
hempseed) for 4-sec periods. White noise
(86-dB SPL) through the chamber speaker
masked extraneous laboratory sounds and a
houselight provided general illumination.

PROCEDURE

Key-pecking for each S was established to
a white, fully lighted key, and maintained on
arandom-interval schedule of reinforcement
having a mean interreinforcement interval of
1 min (RI 1; Farmer, 1963) for three daily
1-h sessions. In 20-25 subsequent, daily 1-h
sessions, each of four stimuli-green
background (G), red background (R), white
vertical line (V), and white horizontal line
(H), appeared alone, equally often, in mixed
orders for 1-min periods. Colored
backgrounds filled the key area and white
lines were diameters.18 in. wide. Responses
to each stimulus were reinforcedon the RI 1
schedule. This initial training phase was
terminated when, for any S, responses per
session to each stimulus did not change more
than 5% over five successive sessions.

All Ss were then given 10 1-h sessions of
single stimulus discrimination training
(SSDT) and 5 1-h sessions of compound
stimulus discrimination training (CSDT).
Four Ss, S13, S16, S18, and 815, received
SSDT before CSDT, and four Ss, §79, S78,
877, and 876, received the reversed
sequence. For SSDT, each S from each
sequence was assigned one of the four
possible combinations keeping vertical line
and green = background “positive, and
horizontal line and red background negative.
SSDT discriminative stimuli were assigned as
SD and SA, respectively, amoéng Ss as
follows: S13 ‘and * S79-vertical line,
horizontal line; S16 and  S78—green
background, horizontal line; S18 and
S77—vertical line, red background; and S15
and S76-—green background, red. ‘back-
ground. During CSDT, the missing compo-
nents were added to form component

Fig. 1. Per cent of total responding in the
two test sessions to each of the four stimuli
for each S. Solid and striped bars indicate
values from the first and second test
sessions, respectively.




discriminative stimuli of SD —vertical line on
green background—and SA—horizontal line
on red background. In discrimination
training, responses to SP were reinforced on
the RI 1 schedule, and responses to SA were
never reinforced.

Following training, all four stimuli were
again presented alone in mixed orders for
two I-h test sessions. Responses were
recorded but never reinforced.

Any stimulus period in all phases lasted
for 1 min, and a 5-sec “time-out™ period
intervened between stimulus periods. In
“time-out,” the houselight remained on, but
stimulus lights were off and responses were
never reinforced.

RESULTS
Initial Training

During the 20-25 initial training sessions,
“preferences” (portions of total-session
responding greater than 25%) and
“avoidances” (portions of total-session
responding less than 25%) occasionally
appeared but in no consistent pattern for
any S throughout the initial training phase.
In the final five sessions, when response
distributions stabilized within 5% of mean
rates, approximately 25% of total session
responding occurred to each stimulus,
ranging from 19% to 32% for any stimulus in
any session.

Discrimination Training

All but three Ss acquired both
discriminations to precisions of less than 2%
SA responses within 5 h of exposure. S15
required 9h on G-R SSDT to reach this
level. S78 on G-H SSDT and S79 on V-H
SSDT exhibited extremely high response
rates (about 90 responses/min compared to
a mean of about 40 responses/min for other
Ss) and displayed minima of 12% and 25%

SA responding, respectively, during initial”

CSDT and 5% and 10% SA responding res-
pectively, during subsequent SSDT.

In general, the discriminations were
acquired with steady increments in precision
of performance. Performances were about
equally disrupted when the second
discrimination training phase, whether
SSDT or CSDT, was introduced, but
performances returned to equal or preater
precisions within 5 hexposure.

Test for Stimulus Control

Proportions of total responding in the
two test sessions to the four stimuli for each
S are presented in Fig. 1. Solid and striped
bars indicate values from first and second
test sessions, respectively. For Ss initially
exposed to SSDT, the total number of
responses ranged from 1035 to 1759 in the
first test session. The greatest portion of

responding, from 45% to 48%, occurred in
the presence of the component, which was
SD in SSDT. Of principal interest, the least
amount of responding, as much as 1% for
only one S, occurred to the single S& of
SSDT. Portions of test session responding to
stimulus components added in CSDT were
about equal. Portions ranged from 21% to
28% to the added SP component and from
21% to 33% to the added S2 components.

For Ss initially exposed to CSDT, total
responses in the first test session ranged
from 1438 to 2938. Again, the greatest
propottion, from 47% to 72%, of test
responding occurred to the SSDT SP, and,
again, the least responding, as much as 1.8%
for two Ss, occurred to.the SSDT SA.
Portions of test responding to the removed
CSDT SP component ranged from 8% to
39% and portions of test responding to the
removed CSDT $4 component ranged from
7% to 14%.

In general, responding during the second
test session showed sharpening of the
stimulus control observed in the first test
session. Except for S13, for which the SP
component exercising primary control
reversed, the SSDT SD controlled even
greater portions of responding in the second
test session. And, except for $79, no other S
responded to the SSDT SA in the second test
session. All other components for all other
Ss controlled smaller portions of test
responding.

Extinction records from each stimulus
component for each S were generally
smooth, negatively accelerated functions.

DISCUSSION

Initial training established approximately
equal response strength to each of the four
stimulus components. However, subsequent
single stimulus training and compound
stimulus training considerably altered the
distribution of responses to stimuli. In
particular, single stimulus training,
regardless of whether it preceded or
followed compound stimulus training,
determined that stimulus control of
responding was exercised primarily by the
single stimulus training SP and stimulus
control of nonresponding was primarily
exercised by single stimulus training SA.

Nonresponding was exclusively
controlled by the SSDT S2 for Ss initially
exposed to SSDT. While virtually no
responding occurred to SSDT S2 in the
cases that SSDT followed CSDT, the other
component of the compound SA
nevertheless retained some control of
nonresponding. In three of the four Ss,
response strength to the removed S48

3

component was less than to the removed SP
component.. “Thus, - while the " stimulus
exercising primary control was determined
by separate, single stimulus training, the
effects of sequence were not precisely equi-
valent for the present conditions. Johnson
and Cumming (1968) obtained similar re-
suits with respect to determining control
by parts of a compound SA.

Response strengths to the nonselected
component of the SP compound were
generally as high as strengths established in
the initial training phase. This finding
suggests that studies producing selective
stimulus control by pretraining a single
stimulus discrimination (cf. Johnson &
Cumming, 1968) operate to prevent the
acquisition of control by subsequently
added stimulus dimensions.

These findings are accountable with a
theory which counts reinforcements and
extinction time in stimulus components
(Spence, 1936), but this type of theory is
not generally satisfactory for findings of
selective stimulus control (cf. Mackintosh,
1965). Rather, an additional, active
mechanism is presumed to occur. The
present results suggest that an active
stimulus selection mechanism should be
applied to negative, as well as positive,
compound training stimuli.

REFERENCES

ECKERMAN, D. A. Stimulus control by part of a
complex SA. Psychonomic Science, 1967, 7,
299-300.

FARMER, J. Properties of behavior under random
interval reinforcement schedules. Journal of the
Experimental Analysis of Behavior, 1963, 6,
607-616.

JOHNSON, D. F., & CUMMING, W. W. Some
determiners of attention. Journal of the
Experimentdl Analysis of Behavior, 1968, 11,
157-166.

LASHLEY, K. S. The mechanism of vision:
XV, Preliminary studies of the rat’s capacity for
detail viston. Journal of General Psychology,
1938,18,123-193.

MACKINTOSH, N. J. Selective attention in animal
discrimination learning. Psychological Bulletin,
1965, 64, 124-150.

REYNOLDS, G. S. Attention in the pigeon.
Journal of the Experimental Analysis of
Behavior, 1961, 4, 203-208.

SPENCE, K. W. The nature of discrimination
learning in animals. Psychological = Review,
1936,43,427-449.

NOTE
1. Portions of these results were presented to
the Eastern Psychological Association,

Philadelphia, 1969. This research was supported

by Grant MH-13383 from the National Institute of

Mental Heaith and by NASA Grnt

NGR-47-004-006. Address reprint requests to

Daniel F. Johnson, Departme.t of Psychology,

Virginia Polytechnic Institute, Blacksbuig, Va.

24061.

Psychon. Sci., 1969, Vol. 17 (1)




Semi-Annual Progress Report No. 9
to the

NATIONAL AERONAUTICS AND SPACE ADMINISTRATIGN

in connection with

NASA Grant NGR 47-004-006

Part 3 of 8 Parts

Final Report

V.P.I. Project 313239

Time-Resolved X-ray Diffraction Microscopy:
Development of a New Technique
by

Kenneth Reifsnider

Virginia Polytechnic Institute
Blacksburg, Virginia

September, 1969



Time-Resolved X-ray Diffraction Microscopy:

Development of a New Technigue

Introduction:

With advancing technology, the possibility of monitoring in real
time the continuous changes in an x-vay diffraction pattern produced
by dynamic events has drawn the interest of more and more investigators.
In contrast to the rapid development of time-resolved radiographic
methods, progress has been much slower in the area of x-ray diffraction,
largely because of strict limitations on available intensity and
required resolution. Also, in the case of diffraction, not only the
apparatus but the technique of application to research must be developed
in order to make the equipment compatable with rather specific scientific
interests.

In 1968, Reifsnider and Greenl'z'3

reported the development and
application of the first apparatus to record the changes in an x-ray
diffraction pattern caused by tensile deformation on 16 mm cine film.
Their system had a time resolution of 1/300th of a second and a geometric
resolution of about 2 lp/mm. That system has found application in the
investigation of lattice rotations, grain boundary motion, inhomogeneous
deformation and strain rate studies.

More recently, several investigators have attempted to extend the

5,6,7,8

work in this area to achieve greater geometric resolution It

was, of course, realized that the most desirable extension would be to




the level of resolution commonly used in x-ray microscopy (sometimes
called topography studies). However, little can be done with such
techniques without a geometric resolution of detail whose characteristic
spacing is considerably less than 100 um. Also, the diffracted beams
are quite low in intensity because of the collimation necessary to
obtain the parallel-ray x-ray beam needed for high resolution. Before
discussing the successfﬁl development which will be presented in detail
below, several alternative approaches to this problem will be briefly
evaluated.

From the standpoint of simplicity, an x-ray sensitive wvidicon
represents on excellent possibility for instantaneous display of x-ray
patterns. Such a system has been reported by Chikawas. His camera used
a PBO target on the berylium faceplate of a specially built vidicon
camera to record Lang Topographs with a scan rate of 15 cm/min. While
he did not measure the resolution of his system, the x~ray arrangement
which he reported had a resolution of 50 ym, i.e., he was not resolving
oy and o, for example. More important, the PbOvidicon was extremely
insensitive, requiring a threshold illumination of about 5 x 10° X~-ray
photons éec—lmm—z. Such a device could not be used to record any
diffraction detail which displayed intensity contrast near to the perfect
crystal diffraction intensity (which is several orders of magnitude below
the threshold given above). Also, the 8000 watt x~ray source which he
used to provide such great intensities is not commonly available.

Alternative to the Pb0 target, a silicon diode array target indicon
has also been used6'7 to display x-ray patterns directly. Although the

theoretical limit on resolution is the electron beam size, i.e. about




30 pm, the resolution was not measured. Also, topography was not
attempted. The sensitivity was, again, very low regquiring about

30 seconds to record a Laue pattern produced by a standard source.
This can be compared to the 1/300 sec. mentioned earlier.

A considerable gain in sensitivity can be achieved by adding
one step to the imaging process. The X-ray image is converted into
a light image which is intensified and then recorded. In this
case, then, the usual recording film is replaced by a fluorescent
screen which converts the X-rays to optical light. The low light
level image (about 10—5 ft. cd.) is then intensified and finally
recorded. One rather successful way of viewing the screen has been
reported by Meieran et. al.8 They used a secondary electron conduc-
tion (SEC) vidicon system with a resolution of about 30HM and a
sensitivity sufficient for scanning Si wafers at 15mm/min. The
threshold sensitivity and resolution limit were not measured, however,
and no individual atomic defects were recorded. Also, the cost of
such a system is presently between $40,000 and $60,000.

For the present system, it was decided to view a fluorescent
screen with a high gain, low noise optical image intensifier which was,
in turn, to be viewed by a closed circuit vidicon television system.
Such an arrangement is similar to the original system used by Reifsnider

and Green.




PROGRAM DESCRIPTION:

The Lang method of transmission X-ray topography is a widely used

. . 3
standard technique and has been described elsewhere. '

The geometric
resolution limit of such an arrangement is about 1 um and the thick-
ness of specimens commonly examined (chosen so that ptll for optimum
contrast) is of the order of 1 mm. for soft radiation. The particular
X~-ray system used for the present investigation consisted of a Phillips

. fine focus X-ray tube, collimator-slit arrangement, and Lang topograph
camera. Commonly,a 3° takeoff angle was used to obtain a projected
spot size of 400 by 400 um from a Mo or Ag target whose dimensions
were 8 mm by 400 um. A source-to-specimen distance of 40 cm was
maintained and the specimen to recording suxface distance ranged
from 1 to 2 cm so that the geometric resolution limit was between
10 and 20 um. In all cases the width of the incident beam was re-
stricted so that the al and a2 reflections were clearly resolved.

The fine-focus X-ray tube was operated at a maximum of 800 watts.
Dental X-ray film was used to obtain quick section and projection
topographs for reference and alignment, and nuclear emulsion plates
were used for permanent recording of comparison topographs in the
usual manner.

While the Lang topographic system was completely standard, the
equipment for continuous monitoring of the X-ray diffraction patterns
had to be developed. After some correspondence, the EMI corporation
of England agreed to provide on loan a 4-stage 9694 magnetically
focused cascaded image intensifying tube for use in the development

reported below. The tube had a bi-alkali photocathode and an on-

. . . 5 .
axis luminous flux gain of about 10°. The image tube was lens coupled
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in front to a fluorescent screen which replaced the film in the Lang
camera. The rear phosphor of the image tube was viewed by an EMI type
9A vidicon camera which displayed the output on a T.V. monitor.

During the course of our development, several different fluorescent
screens and coupling lens systems were tested. Seven different screens
were used in the system and compared for intensity and resolution.
Subjective estimates of relative intensities of these screens in a
direct beam of 40 kv filtered by a 2 mm thickness of silicon are shown
in Table I. The approximate resolution of the two screens used for
most of our program is also shown. For AgKu radiation, the thickness
of the ScI (TR) screen was increased to 300 um.

The fluorescent screens were made to order according to specifications
determined in the following way. Three factors control the desirability of
a fluorescent screen, absorption, conversion efficiency and resolution. For
the polycrystal screens the conversion efficiency is fixed by choice of type
of material to be used and, in fact, that consideration is the major factor
in the choice of type. The resolution is determined by grain size and screen
thickness, both of which need to be as small as possible for best resolution.
The absorption for a given naterial, then, is determined by the screen thick-
ness. Polycrystalline screens are commonly classified by weight per square

centimeter of deposit so that the thickness is defined by the density, i.e.:

weight/unit area (1)
density

thickness =

The determination of optimum thickness will be demonstrated by an example.
For AgKal radiation we wish to determine the thickness of a Zn S(Ag) screen
for 75% absorption. The mass absorption coefficients for the phosphor

elements are:

(u/p)Zn = 28.8 (u/o)S = 4,84
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and the respective molecular weights are 65.4 and 32. The molecular weight

of ZnS is then 97.4 and the mass absorption coefficient of the compound is:

(65,4) (28.8) + (32 x 4.84)

W/e)gg = 97.4 = 20.9

Now the density of ZnS is 4.1 so that the absolute absorption coefficient
is 85. Now i€ Io is the incident X-ray intensity, the intensity at a depth

"t" is given by:

I =1 e (2)
so that the fraction of incident intensity absorbed by a thickness "t" is

given by:
I -TI -ut
H (3)

Thus, 75% absorption corresponds to utll or a thickness of 120um of ZnS.
In standard terms, then, a 48 mg/ cm2 screen deposit would be reguired.
Due to light dispersion and the finite dimensions of the fluorescing
region for a given X-ray detaill element, the resolution of the fluorescent
screens is inversely proportional to their thickness, Therefore, one has
to make a compromise choice between required resolution and available in-
tensity using a chart of values such as those shown in Table II. The
manor in which the screens are incorporated into the system will determine

the exact relationship between screen thickness and the resultant resolution.

The GNSF screens are polycrystalline but the others were single crystals.,
The particle size of the GNSF phosphors was 8 um. The resolution values were
determined by interposing wire mesh screens in a direct or diffracted X-ray
beam just before it strikes the fluorescent screen of the complete image
system so that the resolution quoted is really the resolution of the system
with a particular screen in place and not the resolution of a single component,

Also, the resolution is a measured value.
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During the course of our development, two basic modes of operation
seemed to be particularly useful. The first of these was developed in an
effort to observe Moire fringe patterns caused by simultaneous diffraction
by two superposed crystal lattices. Such patterns have recently been used
as a powerful tool in the analysis and quantitative characterization of
atomic defects.9 The diffraction arrangement for such fringe production
is shown in Figure 1. Since the fringes are being produced by periodic

structures with atomic spacing, the usual fringe spacing formulae become:

€
and dldz
D = 'a—-:—a-‘ (5)
1 2

for rotation and dilatation respectively where "d" is the atomic spacing,
€ is the angle between active diffracting reciprocal lattice vectofs, dl
and d2 are slightly different lattice spacings, and D is the Moire spacing.
If there are "n" lattice dislocation outcroppings in the second crystal,

the number of half=-lines crossed in a circuit around the corresponding

discontinuity in the Moire pattern will be equal to:

v

ZE: . b' (6)

#‘._-/ '9‘ "’l

whereéz is the active reciprocal lattice vector and bj are the Burgers
vectors of the dislocations in the region, For atomic disorder the spacing
of the Moire fringes ranges between 25 ym and 1 mm (providing, of course,
the reciprocal vectors ?1, and ?2 are sufficiently well aligned), For

such investigations, then, resolution should not be a serious problen.

For this work we found the system shown in Figure 2 to be most desirable.

The phosphor was polycrystalline ZnS (Ag), either 150 um or 300 pm thick.
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The lens pair in front of the image tube was an 0ld Delft 1:1, £:0.75, 104
mm system. Hence the image size on the photocathode was the same as that
on Ehe fluorescent screen and there was no loss of brightness due to mag-
nification. With this system quantum fluctuations in the X-ray (diffracted)
beam were not a major limitation on resolution. However, dispersion in

the thick polycrystalline screen combined with those fluctuations to limit
our resolution to about 5 lp/mm.

With this arrangement we were, in fact, able to resolve "crossover,"
the high intensity region which is crosshatched in Figure 1, which occurs
whengl and ¥2 are very closely aligned (to within abbut 10—10 steradian) .
However, we were unable to maintain sufficient stability in our alignment
apparatus to record a rapid Moire pattern (or a change in one). It is
believed, however, that the imaging eguipment was sufficiently sensitive
and had sufficient resolution to do so.

The second arrangement that proved useful-is shown in Figure 3. The
thin single crystal fluorescent screen (CsI (Tl)) provided somewhat better
absolute resolution with about 20% less conversion efficiency than the
former polycrystal GNSF. The front coupling lens pair provided a magnifi-
cation of about 2.3 so that the image tube did not limit the resolution
of the system. The rear lens provided some demagnification (about 2X) so
that the image filled about half of the output screen on the vidicon.
Hence the vidicon may have limited our resolution somewhat. With test
patterns this system easily resolved 12 lp/mm (no finer grid was available).

An arrangement was constructed whereby the image tube, fluorescent
screen, specimen, and vidicon camera could be scanned through the X-ray
beam synchronously. The traveling image produced on the television monitor

then produced a section topograph by the usual Lang method. The primary



limitation on resolution for this case was the guantum fluctuation in the
X-ray image, i.e., we were "brightness limited" in the absolute sense in
this case. However, the overall resolution was superior to the first

arragnement, especially if some time integration was used during recording.
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RESULTS:

Using the system shown in Figure 3, section topographs of several
materials were recorded in 1l0-12 seconds. We were able to scan at the rate
of 30 mm/min. which represented about 1/2 second time integration per
unit image area. An example of our results is shown in Figure 4a and b.
Both topographs are the 220 reflection from a diamond specimen with rough
dimensions of 5 mm square. Both topographs were recorded with MoKy,
radiation. The topograph shown in Figure 4b was recorded in 12 seconds
by scanning the fluorescent screen and imaging components synchronously
with the specimen through the incident X-ray beam. A standard Polaroid
camera was used to make a 12 second time exposure of the moving (and changing)
pattern on the T.V. monitor. In actuality, a slotted black curtain
was moved along with the traveling image on the T.V. monitor to reduce the
integrated intensity of the background produced by the monitor roster
and dark current of the image tube being repoduced by the T.V. system.

It can be seen by comparing Figure 4a and 4b that the "instant
topograph" displays most of the major features shown by the high resolution
topograph recorded in the usual manner {(requiring an 11 hour exposure
time). The central nucleation defect, the surrounding burst of radiating
dislocations, and the surface damage at the edges are all clearly shown.
Also, the very faint line extending more or less horizontally from the
central point to the right has been identified as a single dislocation
with,g -b:Z . While the geometric resolution of the "instant topograph"
is good, the most encouraging aspect is the sensitivity which it indicates.
The perfect crystal diffracted intensity is recorded and, therefore, the
diffraction detail which is only slightly more intense is also resolved.
Without this sensitivity a great deal of the low contrast diffraction

detail is lost regardless of the geometric resolution capabilities of
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the system. The threshold sensitivity of our system using the ZnS(Ag) screen
was 10 incident X-ray photons sec“lmm_2 at the fluorescent phosphor compared
to about 105 photons secmlmm_2 required for direct vidicon viewing.

Figure 5a and b show another comparison of a standard topograph and
a 12 second "instant topograph". The material used was natural quartz. As
in the previous example the major detail shown by the standard topograph
is displayed by the "instant" version also. Most interesting, in this case,
are the growth horizons which are (barely) resolved. They are, again,
very low contrast detail that would be lost if the system was significantly
less sensitive. There are a number of twins also shown in both topographs.

(Although no examples are shown, we also produced "instant topographs" of
Amethyst quartz which showed, among other things, regularly spaced optical
twins.)

In addition to actual recording of topographs, the time-resolved
system also seemed to be very useful for the purpose of general alignment
and B reflections, and expecially for the align-

such as finding the o., o,

1 2

ment of crystals to produce Moire fringes. Also, it was possible to scan
a specimen with a given reflection quickly to ascertain the desirability
of making a high resolution topograph (requiring several hours). Hence,
the apparatus functions guite well as a significant time and labor saving

device during preparations for otherwise static investigations.
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CONCLUSIONS AND REMARKS:

The system developed during the course of this research has the
following advantages.

1. The high-gain low-noise characteristics of the image intensifier
allows one to:
a) take useful topographs with scan speeds of 30 mm/min. with
b) a standard low-wattage fine-focus X-ray source (800 watts) with
¢) X-ray geometrical resolution of 10-15 um and
d) separation of the o. and o, components for all but the

1 2
lowest 26 relections.

2. The image intensifier with independent optical input and output
systems allows:

a) a choice of fluorescent screen to optimize balance between
resolution and intensity

b) variation of magnification to minimize resolution limitations
caused by individual components

c) use of direct viewing, cine-recording, T.V. display, etc. for
data retrieval.

Use of the present system for study of dynamic diffraction events is
being initiated. Possible areas of work include: 1) study of motion of
magnetic domains, 2) observation of moving dislocations under stress,

3) examination of crack nucleation during cycled loading, 4) rapid re-~
cording of relative intensities of diffraction spots for the analysis of
the structure of metastable protein molecules, 5) study of precipitation
and defect decoration, 6) investigation of grain nucleation, growth, and
general recrystallization kinetics, 7) analysis of inhomogeneous dévelop—
ment of strain including deformation dislocation arrays, and 8) continuous
study of abrasion damage. The present technigque certainly is not the last
word in development. An obvious improvement would be the use of fiber
optic coupling rather than the standard lenses. Other improvements will be

made as technology permits.



~15=

The author wishes to thank Dr. A. R. Lang for his contribution to
the present work, especially in the realm of topographic methods. The
present research was carried out at the H. H. Wills Physics Laboratory,
University of Bristol in Bristol, England. The author was supported in

part by NASA contract NGR 47-004-006.




10.

=] 6=

BIBLIOGRAPHY

Reifsnidexr, K. and Green, R. E., Jr.; Rev. Sci. Instr. 22, #11, (1968), 1651

Reifsnider, K. and Green, R. E., Jr.; Trans. AIME 245, (1969), 1615
Lang, A. R.; Acta Metallurgica 5, (1957), 358

Lang, A. R.; Acta Cryst. 12, (1959), 249

Chikawa, J. I. and Fujimoto, I.; Appl. Phys. Letters 13, (1968), 387

Chester, A. N., Loomis, T. C. and Weiss, M. M.; Bell System Tech. J.
48, (1969), 345

Chester, A. N. and Koch, F. B.; Advan. X-Ray Anal. 12_(1969)

Meieran, E. S., Landre, J. K. and O'Hara, $.; Appl. Physics Letters
14 No. 12, (1969), 368

Lang, A. R.; Nature, 220 No. 5168, (1968), 652

Reifsnider, K. and Green, R. E. J.; J. Metals, 20, (1968), 83A



] T

Sa8uTay o1 T
3 TOW 3o uoTjonpoad ayi 103 Lx3swo9d uoriowiy
I FTd

T 814
:m _Lr




~18-

m =1 m= 2
£/ 0.75 £/ 1.5
inage vidicon to T.V.
@ intensifier @ camera [ 7/ nonitor
ZnS(Ag)
Fig.?2

Imaging system for greatest brightness

Ls'}
~

—

-]

A2

[ J=
~n
gt V)
L]

i

image vidicon to T.V.
intensifier camera —77_'monitor

CsI(TL)

Fige3
Imaging system for greatest resolution



a) Recorded on 50 um thick Ilford L4 nuclear emulsion, 150 watts
X-ray source, 1l hours exposure. '

b) Polaroid photograph of television screen displaying image intensifier
output, 800 watts X-ray source, specimen traverse duration 12 seconds,
photographic processing 10 seconds.

Fig. 4

Projection topographs of natural diamond 5.2 mm wide, (220) reflection,
MoKoal radiation. Extra diffracted intensity appears as extra blackness.



a)

b)

Standard Topograph requiring 9 hours exposure time.

Polaroid photograph of television screen recorded as described
in Fig. 4b.

Fig. 5

Topograph of natural quartz plate inclined 11° to major rhombohe-~
dron (1011). Thickness 1 mm, (1011) reflection, AgKa radiation.
Field area 1 x 1.3mm. Plate is viewed along a direction tilted
40° away from the c-axis towards the normal to (1011). Projection
of diffraction vector is horizontal, direction [121o] is vertical
on the topograph.
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I. INTRODUCTION

1.1 Background Information

In 1923 two experimentcrs, Irving Laﬁgmuir‘and H. Mott-Smith,
wore invesﬁigating some of the phenomena of gas discharges using
planar, cylindrical, and spherical collectors, or probes. The probes
vsed by Langmuir and Mott-Smith were giased at some voltage with
respect to the anode and the resulting current was.measured. -The
current-voltage characteristic obtained from such a "Langmuir Probe"
can be used to determine the electron velocityAdistribuEion and the
‘plasma poténtial with respecf to tﬁe anode,

Druyvesteyn showved in 1930 that the electron speed-distribution-

function could be obtained from the probe I-V characteristic as

follows: ém.vp ‘d2 Ip
f(v) = —
Ae2 d Vv 2
P
where
1 2.
5 my = eVp

‘A is the collecting area of the probe, m and e are the mass and charge
of the‘electrcns, aﬁd Ip and Vp are the current and voltage of the
probe, Some succeésful applicatons of the Druyvesteyn Theory to
determine the electron speed-distribution~function depend on applying
a small a-c potential to‘the probe. Experimenters have shown that the
probe current, including that due to the small a-c potential, could

be expanded into an infinite series and that some particular term



of the series was proportional to the second derivative of the I~V
chafacteriétic.' Various techniques were then used to detect the
harmonic term of interest and obtain the speed distriEution‘func—
tion.

in 1965 Dr. Robert H. Bond, using planar probe theory, showed
that the anistropy of the electron velocity distribﬁtion could be
obtained using the concept that the directed electron velocity distri-
bution is proportional to the firsé de%ivative of the probe current-
voltage characteristic. He shoﬁed, using a technique that did not 
require the use of a small a-c potential,éuperiﬁpésed on the probe
;61tage,'that the electron velocity distribution in a hot cathode
.dis;harge‘containing either neon or helium was nearly Druyvesteyn.

There has been some controversy over whether the a-c signal
superimposed on the probe voltage prpduces oscillations that prevent
the true distribution function from beiﬁg obtained. Because the experi-
ment performed by Dr. Bond did notAih§olve an a-c signai superimposed
on the probe voltage, it would be advantageous to compére results
obtained using his methods to those obtained using a small a-c sighal.

Whéﬁ.a small a-c signal is superimposed on the probe voltage, it
~cén be shown that the rms value of the fundamental frequency component
of the probe current is prOportional to the first derivative of the
1-V characteristic, if the cube of the amplitude of the a-c signal is
small campafed with the amplitude of the a-c signal. Thus, if it were
possible to detect the fundamental component of the probe current and

also obtain the distvibution function from the first derivative of the



: characteristic, one could compare these results with those

:

~vrained using Dr. Bond's method and determine if the a-c signal

- dnes alter’ the electron speed-distribution-function.

1.2 Object'of This Experiment

In order to perform the experimént described above, it is essen-
t{al to have a high vacuum system. The construction of such a vacuum
system is discussed in this work. ‘Some things considered are gauges,
valves, cold traps, sorption tra@s, vacuum pumps, and the expefi—‘
zental tube, The vacuum system, except for the eiperimentél tube,i
;§n Sé baked at a tempergfure of 350° C for several dayst. Pressures
in the.range of 10—7 to 10_8 Torr can be‘obtained with this system.

This thesis alsg presents two methods for obtaining the derivgtive
of the probe I-V charactéristic. The instrumentatiqn of both methods
and tests to determine if the instrumentation operates correctly are
described. In the first method an operational émplifier is ﬁsed to
differentiate the I~V curve, and in the second method a lock-in ampli-

fier is used to obtain the desired derivative.



IT. CONSTRUCTION CF A HIGH VACUUM SYSTEM

Low pressures or high vacuums can be obtained when the follow-

{n; cquation is satisfied:

Rate of N Rate of
Removal of Gas — Inflow of Gas

Some of the factors affecting the rate of removal ofvgas are the
vacuum pumps, tﬁe diameter of tubing, and the type of cold trap used.
Pressures of 10—4 mm of mercury can be obtained using a forepump or
mechanical puﬁp, but to achieve higher vacuums it is necessary to

use a diffusion pump. When using a diffusion pump, which must be

. . - -1
exhausted into a mechanical pump to be efficient, pressures of 10 !

Torr (1 Torr = 1 mm Hg) can be obtained. The pumping fluid for the
forepump is o0il and that for a diffusion pump is oilxor mercury. The
larger the pumps the greater the rate of removal Qf gas. The diameter
of tubing is important in determining fﬁe flow of gas out of a system.
If the mean free path of a gas molecule isvsmall compared with the
diameter of a tube, the flow is described as viscous, but if the mean
free path is large compared with the diameter of a tube, the molecules
collide with the walls and proceed in a chaotic manner. The flow is |
then described as molecular flow. Thus, it is important not to use
tubing with a very small inner diameter. The mean free path at atmos—
3

pheric préssure is of the order of 7 x 10“6 cm and it is about 5 x 107 cm

-6 :
at 10 © Torr. Several types of traps can be used on a vacuum systen to
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collect wvapors. A liquid-nitrogen cold trap is frequently used on
vacuum systems, but somefimes it is péssible to use an all glass
sorption trap in place ofvthe liquid nitrogen cold trap.

Two factors.thét affect thp rate of inflow of gas are leaks and
outgassing. There are varicus methods for detecting leaks and these
will not be discussed here. Outgassiﬁg is the flow of materials (such
as oil and water vapor) out of a suyface such as stainless steel or
rubber. One way to combat éutgéésing of a metal orlglass system is

to bake the entire vacuum system, excluding pumps, at a high tempera-

ture for several days.

o 2.1 The Initial Vacuum Systenm

The initial vacuum station was a Granville-Phillips series 225
ultra-high vacuuﬁ pumping station. Tﬁis system‘consisted of a fore-
pump, oil diffﬁsion pump, cold trap, and control panel. Figures 2.1,
2.2, and 2.3 show the initial vacuum system. The forePQmp is a two-
stage 21-liter-per-minute electric motor driven rbtary pump, and the
diffusion pump is a three-stage fractionating pump with a two—incg
diameter pumping port. Because of its low vapor pressure and its high
resistance to oxidation, Dow Corning type DC 705 oil was used in the
diffusion pump. Added to the initial vacuum station by a former grad-
uate student, Edward Price, were three valves, a table with a marinite
top to suppoft the experiment, and gauge B as shown in Figure 2.4,
Valve A is used as the main gate valve which allows the system pressure

to be raised to atmospheric pressure while the pumps are still operating.
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Valve A is a one-inch Granville-Phillips type L ultra-high vacuuﬁ
valve. Valve T is used to allow the system to be rough pumped before
opening valvé A. Valve F is a Granville-Phillips type C ultra-high
vacuum valve series 202, Valve C is used to let the gas into the
system from the gas manifold. Valve C is the same type as valve F.
Gauge B is a Bayard-Alpert ionization gauge, capable of measuring

pressures from 10_4 to 10"9 Torr. The gauge is a Veeco type RG75P.

2.2 All Glass Sorption Trap

The type of trap that was used, to catch the oil that diffuses
out of the vacuum fump and the vapors drawn off the system is an all
glass sorption trap. A Cryosorb Cold Trap came with the initial
vacuum station. Thi; trap uses liquid nitrogen as a coolant. The
trap requires refilliﬁg every 15 hours} if the trap is allowed to
become émpty, collected vaéors will diffuse back into the system.

To circum?ént the possibility of having the vacuum system become con-
taminated in the event the cold trap becomes empty, and fo élleviate
the problem of obtaining liquid nitrogen and of filling the trap every
15 héurs, a new vacuum trap made entirely of glass was built and used.
This glass sorption trap, as it is called, was designed by‘F. B. Haller
at the National Bureau of Standards in Boulder, Colorado, in 1964.

The trapping agent is Vycor Brand thirsty glass (Corning code 7930).
The thirsty glass is a very porous'giass which exhibits very good
adsorbing properties. This glass is mechanically hard and strong, non-

dusting, nonflaking, and chemically inert. The glass provides
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approximately 250 square meters of internal surﬁace area per g?am.

The Qorption trap is shéwn in Figure 2.5. The sorption trap‘was

zade from five 3 mm thick disks, which are 5 cm in diameter. The

Ec;y used to supbort the disks %as made of Corning type 7052 glass.
The body was'paddleé around the disks as a means of support. _Each
d!gk had a V-shaped slot cut into it so that Ehe'puméing speed wdpld
not be reduced. The disks were then stacked and -the slots were stag-
gered to provide an optiéally denge baffle -through the trap. Ihé

trap was connécteﬁ to metal flanges by means of glass to metal seéls,
apd it was fhen bolted into the systém. After an initial bakeout at
3501 C for two days, pressures of‘ZLO-9 Torr were measured on the system
§ide of the sorption trap with a Bayard Alpert ionization gauge. With
the gas manifold and experimental tubé.on the system, a pressure of
10-7 Torr has been maintained on the system side of the sorptionlfrap
for several months, This glass sorptign.trap is easily,adap?ed teo a
glass or metal system, and it can be mounted in any position that is

desired,

2.3 The Gas Manifold

The problem of filling the vacuum system with a gas that will be
used dﬁring an expefiment is considered next. The gas manifold was
¢eastructed as shown in Figures 2.6, 2.7, and 2.8. The gas bottles,
ccn:aiﬁing one liter of neon and helium at one atmosphere, were sup-

i -ried on a cardboard subframe and a plywood mainframe. The bottles

“57aled and a little tit, as shown in Figure 2.6, must be broken
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1o release'the gas. A glags'enclosed nail, which can be lifted with
3 g@gnet, was used to Ereak the seals. Before the tit is broken fhé.
s manifold must be evacuated with valves D and E opened."Thén a
Leat tape was wfapped around the tuBing and glass trapé, and the
:émperature'was incéeaéed to 3004 C to help eliminate outgassing.

The glass was baked for sevéral days. The vélves C, D, an& E were
closea and fhe seals broken. 'Glass traps were placed between the
valve and ;he bottle to catch any glasé fragments that would be sucked
into the sysﬁem fgom the broken seal. These fragmeﬁts could damage
yalve-seaté and prevent them from sealing; The pigtail, shown in
Figures 2.6 and 2.8, was used to . allow for expansion of giass during

- the bakeouf and for contraction of.the belloﬁs on valves C and F when

under vacuum. With the gas manifold as shown, the system may be filled

to a pressufe of 1000 microns several hundred times.

2.4 Gauges for Measurement of Pressure

The-range.of pressures (10—7 to 2 Torr) is so great that one
gauge cannot be uséd to measure the énﬁire range of pressure. A
fayard-Alpert ionization gauge was uséd to measure the pressure in
the range of 10_4 to 10_10 Torr. This triode tube sﬁown in Figure 2.9
CPerato;s as follows. The tube is placed on the vacuum system, and the
‘{lament is heated so that the emission is temperature limited; the
arid ;s at a positive potential with respect to the cathode, and the
tollector is at a slight negative'potehtial with respect to the cathode.

"0 the tube is operating, the grid will pull a stream of electrons



17

O______.._._.,__....._.
: | TO VACUUM
MENT - SYSTEM
O sCOLLECTOR
ONIZATION GAUGE TUBE
e
(:)GAUCE
B

SORPTION PORT FOR
TRAP——t—- EXPERIMENTAL
/y//TUBE |
J‘L 10 GAS

MANIFOLD

VALVE A %G,CUGE A

 FIGURE 2.9
DIAGRAN AND  PLAGEMENT OF
[ONIZATION GAUGE TUBES




18 |

from the filament. Most of these electrons will pass through the

grid, and since the collector ié at a negative potential, it will fepéi
the eiectrons,.sending them back toward the filament. Some of the
electrons will make many oscillations past the grid before being
attracted fo it. As ﬁhe electréns travel between the grid and collec-
tor, somenwill ionize gas molecules that might be present, and the
positive ions will be collected by the collector, which is negative
with respect to the grid. A.measure'of thg ion current‘is a méasure
of the pressure. TFigure 2.9 shows the location of the Bayard—Aipgrt
‘_gaﬁges. Gauges A and B are the same tyﬁe ionization gauge. Gauge A
enabies,the experimenter to measure the pressure on the system side

of valve.A, and gauge B allows—fér measurement of the pressure on the

- pump side of valve A. The ionization gauge controller is shown .in the’
top of_Figure 2.10. It is a Granville-Phillips Series 236 model 02
controller, and it is capable o? indicating pressures from atmosphere
to 10—11 Torr.

A Pirani vacuum gauge can be used to measure the pressure in the
'-range of 2 Torr to 10—4 Torr. The éirani gauge is a resistance element
éhat is temperature sensitive. A small amount of power, which is main-
tained constant, is applied to the resistance element, and as g&S.m01u*
cules hit the element and absorb energy, the temperature will change
and cause the resistance to change. The change in resistance can be
relatéd to a change in preésure. One Pirani gauge was used on this

vacuum system. It was located on the main line of. the gas manifold a-

Do . . . . -4 1
shown in Figure 2.6. On this vacuum system the Pirani gauge was us=2.
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to measure pressures from 100 microns to 1500 microns. The Pirani
gauge controller with its indicating meter is shown in the bottom of
Figure 2.10. The Pirani gauge is used to monitor the pressure in the

vacuum system during actual experiments.

2.5 The Experimental Tube

‘The experimental tube is shown in Figure 2.12 with a cold-cathode
discharge in it. The ﬁube is 110 cm long and 5 cm in diameter, and the
spaéing between the anode and cathode is 80 cm. Tﬁe tube had previously
been used .for studying gas discharges. It had a movable cathode assem-
bly which used a viton "0" ring seal. The movable cathode assembly
waé removed, and a fixed cathode was assembled and mounted on the tube.
The cathode was made from tungsten wire, and it was supported by two
molybdenum rods. The molybdenum rods were welded to tungsten feed-
througﬁs.on a glass press. A heat shield was necessary to prevent the
glass aro&nd the cathode from becoming hot enough to sag or melt. The
heat shield was made of stainless steel and supported by a molybdenum
rod. A; the anode end of the tube there were several ports which would
allow the experimenter to probe the positive column of the gas discharge.
The ports not being used by the probe were sealed with glass rodg that
were etched to fit with hydrofluoric acid. Also an "0" ring sealed
valve was located at the anode end of tﬁe fube. This valve allowed the
exﬁerimenter to isolate the expegiment from the rest of the system.
After complete construction of the tube, it was washed(with Alconox, a

detergent, and then the tungsten feedthroughs and cathode assembly were -
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gléaned'by electrolytic action using a sodium hydroxidg solution as
the electrolyte. The tungstén to be cleaned was 6ne electrode, and a
piece of stainless steel was the other electrode. The tﬁbe was then,
cleaned With Alconox, and wgshed with a solution of hydrochloric acid.
The hydrpchloric acid was usgd to clean the stainless steél anode.and
heat shield. The tube was then washed with Alconox and rinsed with
distilled water. The tube was allowed to dry while the rest of thé
vacuum system was being baked. The tube itself could not be baked
because of the "0" ring seals, in the probe pofts and iﬁ the val&e on
th; anode end of the tube. These "0" rings cannot be raised to high
temperatures.

The oven uséd for baking out the system was made from étee} rods
and zonolite glass fiber insulation covered with aluminum foil. Elec-
tric stove elements were used as a source of heat, and a -5 to 400° C
thermometer was used to'mogitor the‘temperature. | )

After the system cooled ﬁo room temperature the experimental tube

was mounted to it by means of a 35/20 ball joint with an "0" ring seal.

The entire system was then brought to a low pressure. The experimental

tube was wrapped with heat tape and the temperature was raised to 300° C
being careful not to let the "0" ring seals get over heated. After
several days the tube was allowed to cool to room temperature. The

system was then ready to be used.

2.6 Cirvcuit and Equipment Uscd to Fire the Discharge

The circuit used to five the discharge is shown in Figure 2.11.
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The filament supply was a Western Electric Flotrol Model U1200B. The
filament supply"was.varied by varying the input a-c voltage. The
d-c supply voltage used to fire the dischargekwa; a Kepco model 605
(0-600V) in series with a Heathkit Model PS—4(0—4OOV). A curreﬁt
limitiﬁg resistor was inserted into the circuit to limit the tube cur-
rent when the discharge initially fires. A Hewlett Packard Model 427A
voltmeter measured the tube voltage. A Pyro Micro-Optical Pyrometer,
serial number M5341, was usedqto'measure the cathode temperature so
that it could be édjuéted for correct emission. The cathode tempera-
ture was approximately 2143° K which cﬁrresponded to a d-c filament
current of 43 amperes. A blower kept the glass'around the cathode
cooi.' |

An existing probe was inserted into a port on tﬁe tube, and the
oﬁtput was, monitored Qith an oscilloséope. The oscilloscope determined
whether the discha;ge was oscillating. Tﬁe discharge tube was filled
with neon to a pressure of>1000 microns from the gas manifold. With
the filament current at 43 amperes, approximately nine hundred volts
were required across the tube to fire the discharge. The voltage was
reduced to 350 volts when the gas was ionized. The discharge was ini-
tially a purple color, indicating "dirt" in the tube. Some of this
contamination is caused by elect:ons knocking molecules off surfaces
inside the tube. After the discharge tube was filled several times

and fired, the color became a bright orange as shown in Tigure 2.12.

The orange color indicated a clean discharge.
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Several paramecters were found to affect whether a quiet discharge
could be obtained. They were contamination in the tube, filament cur-

rent, pressure, and tube voltage. A quiet discharge was obtained with

a pressure of 250 microns, filament current of 43 amperes, tube voltage:*

of 325“volts, and tube current of 50 milliamperes. Through continued
use of the discharge tube, ions sputtered away some of tﬁe stainless
steel of the heat shield. The stainless steel molecules were collect;d
on the glass tube, This can be seén as the darkened end of the dis-
charge tube in Figure 2,12,

A pressure of 1 x 10—7 Torr was measured aftér the system was .
éhmﬁed_down. The vacuum system has been operating continuously since

June, 1968, TFigures 2.13, 2.14, and 2.15 show different views of the

vacuum system.
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ITI. THEORY AND INSTRUMENTATION

There are several ways to obtain the first derivative of some
function., The two methods that will be discussed here are the use of

an operational amplifier as the differentiator and the use of a lecck-

in amplifier to obtain the derivative of the function. It ic known

that the signal to be differentiated is the current-voltage character-

istic of a Langmuir Probe. The general shape of the I-V characteristic

is shown in the Figure 3.1, below.

-

Y
<

—— 0 p

—

<+Probe Voltage Relative to Anode~
Figure 3{1

I-V Characteristic

3.1 The Operational Amplifier Method

A block diagram of a differentiator employing an operational

‘amplifier is shown in Figure 3.2. The Probe is biased at a negative

potential and swept linearly in time at a frequency of 0.1 Hz by a
triangular-wave generator. The probe current is determined by mesasur-

ing the voltage across a sensing resistor.

29
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The amplifié;>used is an operational amplifier with a gain (-B)
equai to the negétive of the ratiowatphe feedback resistance to the
reslstance in series with the input. -

The differentiator has a gain (—D)'determined by the negative
of thé'product of the feedback resistance and the capacitance in series
with the input.

A low-frequency fundtion generator is used to supply the'téiangu—
lar vqltage waveform, and a d-c éupély is used fogrthé negative bias
potentigl.

Thi oﬁtput of the.differentiator can be>seen on an oscilloscope
or plotteq by an X-Y recorder.

Sinpe'the ouépqt of the differentiator is some constant times

the derivative of the probe current with respect to time, it is nec-

_essary to show how this is related to the derivative of probe current

with respect to probe voltage.

The voltage V_ across the sensing resistor is:

vV =R I (3.1.1)

The voltage out of the differentiator is therefore:

A a1 : |
V = 4BD —= = +BpR —F ©(3.1.2)
o at s dt

Now if we consider one quarter of a cycle of the triangular voltage

waveform starting at t = 0, we see that the triangular voltage is:

vTRl = Kl t where: | | (3.1.3) .
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- 4 (Peak Value of VTRl

1 T

The probe voltage with respect to the anode ist

V= Vg * Vpo = Kyt - Ky

The derivative of Vp is:

and _
dax dl  dv
P . P P
dt dv 4t

- On sﬁbsfituting (3.1.6) into (3.1.7), we have:

dI dI
P - 2
t 1 de

Substituting (3.1.8) into (3.1.2) gives:

dI

- P
v, = DR, K .

Solving for the derivative of Ip with respect to Vp yields:

a1 \'

...l:-}-__—.._q.—._—

dv BDR K
P . s 1

“eistant is equal to the desired derivative.

s
it i S e R B e i S A 1 T S B

b ki i o

(3.1.4)

(3.1.5)

(3.1{6)

(3.1.7)

(3.1.8)

(3.1.9)

(3.1.10)

«%u3, we see that the output of the differentiator multiplied by a

.



"3.2 The Lock-In Amplifier 2thod

A blqck diagram fpr measurement of de/dVD using a lock-in
Aaﬁplifief is shown in‘Figure 3.3. The d—g bizs, low-frequency function
penerator, and the operational amplifiér are tme same as discussed in
Section 3.1. An audio oscillator is used as the source of the a-c

signal.

‘R, and R, serve as a voltage divider to eijust the amplitude of

1 2
the a-c sighgl. A small a-c signal is needed so that an accurate deri-
vative curve can be obtained. Also, the reference signal to the lock-
in amplifier is fed throggh a one-to-one audioc trapsformer to isolate
th? audié oscillator and lock;in amplifier. 'R3 and R4 serve ;s a
voltage’éivider so that the proﬁer reference signal can be obtained.
The lock—iﬁ amplifier is a tyﬁe 121 made by Princeton Applied Researcﬁ
vCorporation. ' ‘ ( |

As can be seen from Figure 3:3 the probe voltage is the sum of
the triangular voltage from the loQerequency Zunction ggneratér, the

a-c voltage from the audio oscillator, and a d-c bias voitage.' The

probe voltage can be written as follows:

Vp = V + E cos wt where (3.2.1)

w = angular frequency of a-c signal
Then the probe current is some function of the probe voltage and may
be expressed as:

) Ip = f(Vp) = f(V + FE cos wt) (3.2.2)
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Now if f(Vp) is expanded about V into a Taylev series in powers of

E cos wt, the probe current becomes:

~ 2 .
y
£1(V) +-533159§735¥—— £ (V)

E cos ot

Ip = f(Vp) = f(v).+ 17

3 . n
+ (E cos wt) 1 + (E cos wt)

n
G E W+ o £2(v) (3.2.3)

On expanding and collecting terms we obtain:

- v E2 " | E4 " )
Ip=(f(Y)+Tf(V)+—6-2}-f (V)+.‘..):+

"

3 .
(EE' (V) + % £"V) + . . . Ycos wt +

‘ - E2 . Ea.“ | |
s —= £ (V) + — "W+ . . . 2ut
(4 ( ) 8 V) }cos w{

if:iﬁ,is’possible to detect only fhevfun@aienta1~frequency component
of Ip and if E3/8 << E, then it can be seen that the first derivative
of the probe current with respegt to probe voltage is proportional to
tﬁe ﬁagnitude of thekfundamental frequency compcnent of Ip.

Reférring to Figure 3.3, the voltage developed across the sensing
resistor is,IpRs' This signallis fgd into an operational amplifier
with a»éain -B. The.output of the amplifiér is thus —BIpRs. The signal
is then fed into a lock-in amplifier. The lock—in amplifier is a pre-

cicion detector. A reference signal at the same frequency as the signal

to be detected is fed into the reference channel of the lock-in amplifier.

T I
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« sirplified block diagram of the lock-in amplifier is shown in

]
ey

<ure 3.4, The signal is coupled to a tuned amplifier that passes
1 band of frequencies centered about the frequency selected on the
fvont-panel frequency—dial. The actual bandwidth of the amplifier is
a function of the selected Q. The outﬁut of the tuned amplifier is
applied along with the referénce signal to the Phase Sensitive Demodu-
lator (Mixer). Here<$ynchronous demodulation is employed to convert
the a-c signal to a proportional d-c sigﬂal. The a-c fluctuations in
the d-c level at the output of the mixér are due to noise and other
frequency components., The signal is then amplified. The noise fluc-
tuations are reduced to an insignificant level by passing through a
d-c ampiifier. Tﬁe frequency>resbonse of the d-c amplifier is deter-~
nined by the settiﬁg of a front-panel Time Constant Switch. The mixér
and d-c amplifier combination can be thought of as a correlator per-
forming the function of cross corrélation of the inpuﬁ signal and
reference signal. The time qonséant‘controls the period of integration.
1f fluctuation appears at the output\of the lock-in amblifier the time
constant is increased; thus, increasing the integration time and averag-
ing out the frequencies not at the reference frequency. The time constant
{s set by observing the panel meter and increasing the time constant
until a satisfactory compromise between the suppression of noise and
the speed of response is reached. Because the lock-in amplifier is
detecting the fifst harmonic of the probe current, its output is equal

*0 2 constant times the derivative of Ip with respect to Vp.

il
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IV. EXPERIMENTAL PROCEDURE

e e o

Since a plot of the current-voltage characteristic for a Langmuir

T AN S

Probe is desired when making p;obe studies, one can think of the I-V
plot as a measure of‘thé variable resistance of the éischarge. Each
point aiong the curve ;eﬁresents sémé vaiue of resistance. One possi-
ble way to check the instruheﬁtation:and see that it is operating cor-
rectly, is to replace the érobe with a fixed resistor and to calculate
the value of the senéing resistor from output voltage signals. Resis-
taﬁce calculations can be used_té check the instrumentation using éither

the:ldck—in amplifier or the operational amplifier as a differentiator.

Figure 4.1 shows the equipment used in these tests.

‘4,1 The Operational Amplifier Method

Figure 4.2 shows the experimental set up used to test the instru-
mentation for the operational amplifier differentiator method. Because

the derivative of the d-c voltage is zé:o, it is only necessary to con-

sider the triangular voltage across Rs in the calculations. The voltage

developed across Rs'is:

"RV
s TR1
V = ——= (4.1.1)
s . Rs + RF
If RS << RF’ the approximation can be made that: .
R V
v = 2 _TRL (4.1.2)

K
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The output of the operational amplifier with a gain of (-B) is:
V- — IR (4.1.3)

Since the output of- the differentiator is (-RC) times the derivative

of the input voltage, the differentiator output will be:

4 B Rs RC d
= e ' TZ e o
Vo at VS RF at VTRl (4.1.4)
- “The triangular voltage can be expressed as
VTRl = Kl t »o < t-< T/4 V(é.l.S)
Kl is the slope of the triangular wave form and is equal to:
4(Peak Value of V. _.)
TR1 ‘ -
Thus, the derivative of VTRl with respect to time is eQual to Kl, and )
when Kl is substituted into Equatiéﬁ 4,1.4, we have
g - K, BR_RC |
. N YV = e——— (4.1-7)

T TR . ;
Thus, if we assume that B, R, C, and Kl are known constants, then it is
possible to determine RF or RS if the other is known, and the output
voltage of the differentiator can be measured.

A test was performed using the set up shown in Figure 4.2. The

value of RF was set equal to 15 K Q@ and the value of Rs was varied from

20 to 50 9. Thus, the approximation that RS << RF is valid. The d-c¢
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supply was set at -20 volts and the low~freq§ency function generator
was set approximately to its maximum value of 39 volts. The amplitude
of the triangular voltage was measured using a Tektronix oscilloscope
type 561A. The frequenc& of the triangu;ar voltage was sép at 0.1 Hz.
Figuré 4.3 is an oscillogram showing the triangular voltage waveform.
The gain of the operational amplifier was set at 100. The value of the
feedback resistance was set to 1 M Q, aﬁd the series input capacitance
was set to‘O.l pf for the differentiator. AThe output of the differen-
tiator was monitofed using a Tektronix type 561A oscilloscope. Figure
4.4 shows an éscillogram of the differentiator output. The data taken

and the calculated results are shown in Table I.

4.2 The Lock-In Amplifier Method

The circuit used to check the instrumentation when using the 1ock—‘
in amplifier is shown in Figure 4.5. Since the lock-in amplifier will
filter out or average out all signal$ other than those at the same fre-
quency as the a-c source,.only tbe a—-c component of the voltage signal
needs to be considered when making_calculations. The a-c voltage signal

developed across the sensing resistor is:

R .
s .

VS = (R TR ) E cos wt (4.2.1)

s F
Azaln if R << R_, which is the case, V_ is:
’ s F S

R
_s

V.=

87 Ry

amplifier output is then equal to:

E cos wt (4.2.2)

i e
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FIGURE 4 .3
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BR E

2
(] P SR
Vs§$ RF .cos wt » (4.2.3)

In this case the lock-in amplifier detects the amplitude of this signal,
because it and‘the réference signa} have the same angular frequency.
The rms value of this signal can be read on a meter located on the
front panel of the ihstruﬁent. The sensitivity of the meter is adjust-
able in steps from i_lO microvolts to + 500 millivolts fu}l scale. The

output of the lock-in amplifier would then be

B RS E
VL = ~7~ . (4¢2.l’)
2 RF
Thus, if we assume that B and E are‘known constants and that V. can be

L

t

measured, it 'is possible to calculate R when Ry is known.
A test was performed using the set up shown in Figure 4.5. RF was

a 15-K 2 fixed resistor and the values of RS were varied from 20 2 to

50 Q. The assumption that RS'<< RF is valid. The amplitude of the a-c

signal was measured using a 561A Tektronix pscilloscope. The gain of
the oberational amplifier waé set to 100 by choo;ing a feedback resistér
equal to ; M Q and a resistor in series with the input of 0.01 M Q. The
d-c voltage was set to -20 volts and the triangular voltage from the
low-frequency function generator was set at approximately its maximum
value of 39 volts. The audio transformer ﬁith a one-to-one turns ratio
was used to isolate the lock-in amplifier from the a;c source. Resistors
Rl and R2 were used as a>voltage divider as were R3 and Rq‘ These divid-

ers allowed setting of the proper level of voltage signals. The data

taken and the calculated results are shown in Table II,
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V. DISCUSSION OF RESULTS AND CONCLUSION

5.1 Results

A-vacuum system capable of obtaining a pressure of'10-8,Torr
has been built. It hés been possible to sustaiﬁ thé vacuum continu-
ously for several months., The use of an all glass sorption trap eli-
;{nated the néed for uéing a cold frap and liquid nitrogen. The‘
ekberimental part of the vacuum system can be brought up to the pfes—
sure needed tq fire a discharge while the vacuum éumps are still oper-
ﬁting‘because of placement of valves. It is possible to monitor the
préssuré‘in the system continuouély over the range of 10'_9 Torr to
atmosphere. An experimental.tube was built and a discharge was fired
fn it, It was found that by varying the tube voltage, filament tem-
perature, and gube pressure, it was possible to obtain a stable dis-
charge, ' |

The two techniques discuésed here can be used to obtain the
“erivative of the I-V characteristic for a Langmuir Pfobe. The two
techniques were instrumented and a method devised to test the instru-
*ﬂntationAfér propexr operation.

Tﬁe first methgd, using an Qperational amplifier differentiator,
.’ tested, The calculated values of the sénsing resistor were found
toobe Qery close to the actual value uséd. This indicated that all

srunentation used in this method was functioning correctly.

49
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The second technique, using a lock-in amplifier, was also tested.
The calculated values of Rs were found to be very close to the actual

value. The instrumentation used in this method is, therefore, operat-

ing correctly.

<

- 5.2 Conclusion

Thé yacuum-system.operatés as desired and tﬁe iﬁstrumentation
works correctly,‘as verified by the results.

The next step wduld be to obtain thé derivative of the I-V curve
for the Langmuir Probe using this insfrumentation and to check the
derivative curve obtained by one methéd_against the curve obtaine@ by
the other method.-:Then the electron-velocity diétribution~function
could be plotted for each case and checked to see if they agree. Ifr
they do not agree, it woulé then be advantageous to try to determine
why they do not agree. If tﬁey do agree, it would be interesting to
study the electron-velocity distribution—function)im gases other than

neon and helium.
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1. INTRODUCTION

I
l
i
!
7
| :

This paper describes the design and construction of a fully bake-

|

abie high vacuum d. c. glow discharge tube. |The purpose of this glow
discharge tube is mcasurement of directed electron velocity distributions

in the positive column of a glow discharge, using a Langmuir probe. The

tube itself hanaZAS mm inside diameter and a maximum cathode to gnode
spacing of 80 an. The Langnuir probe is locéted 15 an from the anode.
The probe can be rotated through 360 degreeséand moved radially from the
tube center liﬁe to one wall.‘ %he'cathode cén be moved 15 cm in the
direction of the stationary anode. J

; :
The major objective in the design of this glow discharge tube was

-to attain a pressure of 107 torr (mm of Mercury) or lower .inside the

discharge tube. This required tﬁat the tube be bakeable, so it was
necessary to eliminate all "O" ring seals. This design should allow
rorc reliable, repeatable, and more predictable méésurements to be made
with the Langmuir probe. :

Lengmuir probes have long been used for measurement of electron
velocity distributions in glow discharge‘tubes. Figure 1.-1 shows
such a discharge tube, with a planar Langmuir probe inserted into the
probe port. To insure accuracy and repeatability of measurements, it
is essential that contamination from undesirable gases or vapors be
minimized.

To sec how the distributions vary with position and direction, 1t
is often desirablc to wove the Langmuir probe radially in the discharge

tuhie, to rotate it on its own axis, and also to move the probe relative

/
’
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to the cathode. Normally this last motion is accomplished by cathode

i

rovement rather than by actual probe movement, since the probe's motion

along its own axis and its rotation make movement of the probc along the

axis of the discharge difficult. Besides ac%omplishing the desired
change of cathode-to-probe spa?ing, cathode $ovement also involves a
change of cathode-to-anode spacing, since thé probe and anode have a
fixed separation. One might expect this chaggé in cathode-to-anode
spacing to alter the discharge radically. F;gure 1.-2 shows that this
is not the case. Only the length of the positive colum of the dis-
charge changes with cathode movement, provide that anode current is
neld constant. In effect, the probe is'movea through the positive
colwm, in the direction of the cathode. | S
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Figure 1.-2 The Effcct of Moving the Cathode Toward -

the Anode in a D. C. Glow Discharge Tube
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! face of a solid. Surface roughness increases adsorption, by making the

| .
2. CONTAMINATION PROBLEMS IN VACUUM SYSTEMS

! s

2.1 Sorption

Sorption (Refs. 10, 16) is a general term which encompasses any
process where, on or within some surface, an excess of a gas or vapor

collects as a result of intermolecular and interatomic forces. Sorption

- includes physical (van der Waals) adsorption, chemisorption, and ab-

sorption. Sorption can occur on or within a solid or liquid, but only
sorption with respect to solids is considered here. The surface on
which sorption occurs is called the sorbent, and the gas or vapor sorbed
or collected is called the sorbate. All sorbates must be removed or

"outgassed” from the surfaces of a vacuum system before an uncontaminated

L]

| system is obtalned

Adsorptlon, as opposed to absorption, is the process in which tnere

/is an accumulation of an excess of a gas or vapor exterior to the sur-

cffective area of the adsorbent many times the visible area.

Physical adsorption involves no chemical reactions, and the heat
lost by the adsorbate is of the order of magnitude of the heat of
liquefaction. Physically adsorbed molecules act in many respects like
a two dimensional liQUid, shiftiﬁg on the sgrface of the solid to main-
tain equilibrium. Figure 2.1-1 shows a genéral energy diagram for
physical adsorption at the surface of a solid adsorbent. A free molecule
in the vicinity of the surface will tend to'fall into the low energy well
rcar the surface, giving off a small amount of energy in the!forﬁ of

J

heat, and will remain there unless disturbed. ' //

(92}
\\




H, = Heat of Adsorption

a A _ 4
f 'E. = Energy of Desorption .

D

POTENTIAL ENERGY |

ADSORBENT
SURFACE

(REF. 10)

“ioure 2.1-1 Energy vs. Distance From Adsorbent for Physical Adsorntioy




While theory indicates only a few layers of adsorbate should occur

I

by physical adsorption, experimental evidence indicates that between 10

tand 1000 molecular layers can be formed. Results vary widely for differ-

cnt surfaces and from one experiment to another (Refs. 10, 14). As the

pressure of a vacuum system which has been at atmospheric pressure for

/a time is reduced, an excess of physically adsorbed molecules will

| remain at the system walls, tending to boil off slowly.

If it is possible for a molecule of a gas or vapor to react chem-
ically with the molecules of an adsorbent, éhemisorption may occur.
This process involves a quasi-chemical reacfion.of a monolayer of ad-
sorbate with a monolayer of adsorbent. Thevheat of the reaction is of
the same order of magnitude as the heat of ?eaction of the chemical |
reaction between the two substances in‘bulk. Chemisorption is not
quite so simple as a chemical reaction since there are repulsive forces
involved between adsorbate ions. This results in alheterogenedus
deposition of adsorbate. The energy of a single chemis?fﬁfién reaction
varies with the number of molecules previously chemisof%ed. Cheni-~
sorption is more prevalent in metals than in glass. figure 2.1-2
shows the energy diagram for chemisorption involving/an exothermic
reaction. Frequently chemiéorptién requires an act&vation energy, as
shown in the figure. ' ’ f ' ;

A pumpdown alone will not usually remove many chemisorbed molecules,™
since chemisorption'involves'higher energies than physical adsorption.
Heat application is usually hecessary, but the temperature required is
often too high to be practical since it is usually much higher than the

melting temperature of standard glass such as Pyrex, which may be in the

i
H
\




Ep

' Ep = Energy of Desorptiod f

= Activation Energy

5
g “y
A A
2 'l
o
@
_ (SXTYSICAL
ADSORBENT ADSORPTION
SURFACE
—~———
DISTANCE FROM ADSORBENT -
(REF. 10)

Figure 2.1-2 Energy vs. Distance from

Adsorhent for Exothermic Chemisorption




vacuun system. However, the temperature of a caéhode may be high enough
¢5 rerove essentially all of its chemisorbed molecules. | /

Absorption involves the penctration of the bulk \of the absorbent
solid by absorbate molecules, by a combined process of molecular attrac-
tion and diffusion. During a system pumpdown, absorbed molecules will
diffuse back to the surface of the absorbent material, replacing surface
sorbate molecules as they are'gradually desorbed. Pumpdown times are
increased as a result of the diffusion time involved.

The energy diagram for absorption is similar to that for physical
adsorption, except the energy well is physicallyilocated inside the
absorbent solid. | For appreciable absorption'to t:ake place it is nec-
essary that the absorbent material be 'porous. Leiss difficulty from ab-
sorption than from physical adsorptioﬁ willwarisé from a relatively |
rorporous material, such as most types of glass. Metals are usually
more prone than glass to absorption. : ;

This discussion has been somewhat shmlifieé, since in reality
physical adsorption, chemisorption, and 'absorptio;n may occur simultan-

2.2 Permeation

!
'

|
Permeation occurs when gases and vapors in the atmosphere diffuse
through a wall in a vacuum system. It is a maj orI contamination problem
with "0" ring seals. "I'he effect is veryv similar to that of the out-
gassing of sorbates, e'xcept that this process continues indefinitely

and places a limit on the ultimate vacuuwn attainable in an otherwise

| L.

A
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cican system. Permeation occurs even when t})le interior of a vacuun
system is at atmospheric pressure, as long as the partial pressures of
<.¢ interior gases and vapors differ from the partial pressures of the
gases and vai)ors in the atmosphere.' Vacuum ;!grease on an "0" ring will
help to” reduce pe'rmeation, and leaks around the "0" ring, but it will
aiso add problems, of its own in the cleaning of vacuum apparatus.
Permeation through glass and metal does occur, although this

effect is usually small. In a baked vacuum system, however, this type

of permeation may be essentially the only source of contamination, so

it must be recognized,

2.3 Virtual Leaks

A virtual leak can also contaminate a vacuum system. A virtual
lcak is a source of nearly constant gas or vapor contamination as a
result of a trapped volume in the system‘ gradually leaking off through
scme small, flow-restrictive orifice. An example of a virtual leak
might be a trapped volume beneath a screw in a threaded hole. This
parti}cular problem can be eliminated by cutting a lengthwise slot in
t.hc’ screw, slightly below the thread depﬁh,‘ to allow the trapped volume
0 ';be pumped quickly.  Problems from virtual leaks may arise when a
vacuum system involves heliarc welds, silvar"solder joints, and other

‘types of seals and internal connections.

2.4 Effect of System Bakeout

Baking is one of the best methods for eliminating or drastically

reducing contamination problems such as described in the previous

|
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sections, and is often the only method for reachmg ultra-high vacuum

in a reasonable length of time. For Pyrex (7740) glass, a typu:al
/o
bakeout temperature is between 300 and 400 degrees C.

To bake an entire system, it must be first pumped to a high vacuum

to redude oxidations at higher temperatures, and to decx[ease the read-

sorption rate at the system walls. Sometimes an inertij/gas or dry nitro- (
gen is valved into é system prior to a bakeout, to h}e/ip flush out active
contaminants. A heat-insulated enclosure, containinig heating elements,
is placed over the entire system exterior. The current in the heating

elements is slowly increased, care being taken that the system pressure

O T P A Y

does not increase over the operating limits of the vacuum pumping system.

/

‘hen the fi;‘mal bakeout temperature has been reached, the state of the sy-
~stcm is maintained for the entire baking périod, 12 to 24 hour.s, or |
longer for a "new' system. . |

A localized bakeout can be accomplished %with heating tape or heat
lamps. This method is less effective than a>tota1 system bakeout, since
any gases desorbed in the baked area may recollect. on the walls of some\

~ \ ' N
other part of the system, especially if the heating causes a drastic

pressure increase.

The heat applied during a bakeout lmder‘\‘r\acumn conditions increases
the energy of the molecules of the walls of thte system, and thus the
cncrgy of any sorbed molecules is increased. When the energy of one of

ese sorbed molecules is greater than the energy of its potsntlal \xeh,

)

it mll nave a good chance of being desorbed. The probability that ce- N

sorption will take place increases rapidly with temperature at a con-

stant pressure. The vacuum pump removcs most of the gases and vapors
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as they are desorbed. Physically adsorbed gases and vapors arc gencr-

ally the most readily removed, and usually form the majority of molecules
‘dcsorbed during a bakeout. The outgassing rate should of course taper

off with time during a bakeout, as most of the sorbed molecules are ' E'
removed: After a bakeout has been completed, the system is allowed to
return to room temperature and the reduced energies of the remaining

sorbed molecules should not be sufficient to allow much further desorp-
tion. At the reduced temperature, the equil%brium concentration of g

sorbates on the system walls may well be much higher than the actual -

- concentration, resulting in a gettering action which should substantially

reduce the vacuum system pressure (7).




jovcn.

3. DESIGN OF A BAKEABLE DISCHARGE TUBE

3.1 General Considerations

The nev.; discharge tube first had to be‘ compatible with the exist-
ing vacuum system which was to be used for pumpdown. This vacuum system
is capable of ultrahigh vacuum, pressure less than 10"9 torr. The tube
was to be connected directly to the vacuum system, separated from‘the
pumping system and trap by a bellows-sealed valve. The Marinite* used
for the table top in figure 3.1-1 is bakeable allowing a removable

baxeout oven to be placed over the entire tube and some portions of the

vacuum system, usmg the Marinite 1tse1f as the bottom portion of the

The new &ischarge tube was to be able to support ultrahigh vacuum,
which meant "0" ring seals had to be‘eliminated since all parts had to
be bakeable. Most 0" rlng seals decompose at bakeout tempcratures.
Mctal bellows were chosen as the means of providing motion transfer.
It still remained to decide on the best way to usé the motion transfer
cspabilities of a mefal bellows. | ; |
There are two types of metal bellows, the corrugated type, which

is onc piece, and the washer type. The corrugated type is made by

rrugating a piece of flat, thin stainless steel or other metal,‘bend—
ing the corrugations, and then welding a seam, making the/beliows cir-
cular in cross section. The washer type is made by weld{ng the insides

ol two wasiiers together, then welding the outside of one end of this

* Trade Mark of Johns Manville Sales Corp.
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wit to the outside of another washer, and so on. The two types are
\\ E

. * ) \‘. ’
shown on page 185 of reference 10. Manufacturer's specifications for

‘raximum flexure and torque limits vary considerably for both types.

There are varying opinions on which types of metal bellows are best
suited for vacuum applications. The welded type is often more flexifle
but there is conceivably more chance for leakage with the many welded =
joints involved.

A simplified model of a commonly used bellows-sealed linear motion
fecdthrough is shown in figure 3.1-2. This particular mode})has a
direct contact between the vacuum side of the system and the atmosphere
side. Some means must be provided to keep the shaft from sliding into
the vacuum excessively,‘and it is thus usually desirable to keep the
shaft secureiy‘held at some point. The bellows arrangement can be
located on either side of the vacuum wall, with the vacuum outside of
the bellows or inside. , | |

Figure 3.1-3 is a cross section of a‘bell?ws—sealed~rotary motion
feedthrough. This type of mechanism is known as "wobblevdrive." Note
that there is rotational sliding motion agains% the extreme right end of
the bellows, both in the vacuum and in the‘atmbsphere. This is a po-
tential trouble area for this type of feedthrqhgh, especially when high
rotary speeds are involved, and when ultrahigh}vacuum is desired, since
lubrication on‘the vacuum side can not be alloﬁed for ultrahigh vacuum .
work. The portion of this mechanism exposed to atmosphere is sometimes

|

removable from commercially available rotary motion feedthroughs, to
i .

allow lubrication of the atmosphere side of thé mechanism, using lub-

ricants that would boil off or burn up at bakeout temperatures. When

,
l
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" the Langmuir probe region and the cathode and anode regions of the dis-

|
~ discharge tube centered around the fact thag rotation, linear motion,

e . o R R I
\ N e . . i o e
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&

only low shaft speeds are desired, no lubrication is usually required.

Shaft alignment in this type of feedthrough is critical.xﬂrhe design

and construction of such a device would be much more tediou;’than £he

design and construction 6f a bellows-sealed linear motion feedthrough. E;
Another type of ultrahigh vacuum rotary féedthrqugh involves ‘the

rotation of a magnet in the atmosphere to rotate a magnet in the vacuum. ~°

~
~

In cases where bakeout is used, the exterior magnet is usually removed,

and the interior magnet is made of Alnico, since this material retains

most of its magnetic properties at high temperatures. Because any stray
magnetic fields could easily upset a glow discharge, this type of feed-

through could not be used in the new discharge tube.

LT S il

With these general ideas in mind, the design and construction of

charge tube will be described. o B g

3.2 Langmuir Probe Region Design and Construction

i
The problems encountered in the Langmuir probe region of the glow

and electrical output were simultaneously réquired. The probe itself
was to have only two electrical connectionsg but provision was made for
four outputs in case a more intricate Langm?ir probe might be required
for measurement at a later date. i
The only bellows-sealed motion feedthrough known to be on the market
which provides rotary and linear motion in one package is made by Varian‘
: |

Associates at a price exceeding the budget of the project. Furthermore,

no two motion feedthroughs, one rotary and one linear, are known to be

|
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on the market which together would be compa%ible’in the transfer of
iinear and rotary motion to a single shaft. Because of extra problems
ﬁnvalved in the construction of a rotary motion device, the decision
was made to purchase a rotary device and to design a linear motion
device which would be compatible with the rotary device.

~The rotary motion feedthrough purchased was built by Cooke
Vacuum Products of Norwalk, Connecticutt.b It was chosen over others
available mainly because of reasonable pricé and excellent specifica-

P
tions. Manufacturer's specifications are as follows. -

Maximum Torque 10 Inch Pounds

Maximum Rotary Speed 500 rpm

Operating Pressure to 1 x 10710 Torr
Bakeout Temperature to 400 Degrees C.
Weight , : 2 Pounds

Figure 3.2-1 shows the rotary motion feedthfqugh in relation to the

T e o v Tae
...m...;ﬂmu.u r-na.l..e-

To transfer linear motion to the Langmuir probe, a linear motion

feedthrough was designed. A metal bellows was to be placed around (but
not touching) the shaft extending from the fofary motion feedthrough to
the probe. To hold the bellows in -place, an outer turnbuckle was devised.
This arrangemeﬁtlallowed the adjustment and control of the probe position
and also provided protection for the inner bellows. A type 316 stain-‘
less steel pipe Was used which was thickwalled enough to be used for

both the male anq female portions of the turnbuckle. Following the
rachining of the turnbuckle portion of the feedthrough, it was welded

to the outer portions of two rotatable 2-3/4 inch Conflat*® vacuum flanges

* Trade Mark of Varian Associates
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7o keep the two male ends from rotating \vith"fespect to cach other, a
sicce of 1/8 inch flat stock was grooved, shaped, ’and welded to one of
the male ends, and a '"follower' was welded to the other male end, as
shown in figure 3.2-7. The bellows was silver soldered to the inner or

7

scaling -parts of the flanges. A drawing of‘the completéd linear motion
,,/fmcion device is shown in figure 3.2-2, and figure 3.2-3 is a photograph
| of the devicé, showing the inner bellows.

Electrical outpﬁt was provided by four tungsten- to-glass seals made
in an "X" arrangement as shown to the right :Of the linear motion feed-
through in figure 3.2-4. Each fungsten-to-giass seal was made at the
end of 20 mm Pyrex tubing, and the tubing itself was then attached to
1-‘1/2 inch diameter P).'rex. These smaller tube extensions reduced the |

" chance of cracking one seal from heat stress while another was being
joined by the glassblower. | ‘ |
Directly adjacent to the point where the Langmuir probe enters

the discharge is a probe supporting and centering piece w}}iéﬁ is shown
in figure 3.2-5. The piece was made from capillary tub:'(h/g of proper
inside diameter to give the probe a good fit. The endis/ of the capillary
tubing were drawn out to a diameter of just under 1-/1/2 inches, and
joined to the 1-1/2 inch diameter tubing which alree{dy held the elec- |
trodes. The extra holes in the ends of the supporting piece allow for |
pwping. The glasswork was then joined to a glass-to-metal seal,
anncaled, and sealed to the discharge tube. ‘ %
The Langmuir probe itself is shown in figure 3.2-6. It was con~1
structed of type 304 3/32 inch diameter stainless steel hollow tubing;

0.010 inch diameter type 304 stainless steel wire, ceramics, and

Saueriesen ceramic cement. Electrical insulation of the two stainless
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steel leads from the probe surface and guar&‘fing prqycd a ptgblem.
Most insulation materials will not withstand bakeout temperatures or
.high vacuum, Several feet of '"ML" insulation were provided by
PolyScientific of Biacksburg. This insulati%n is oftgg_p;gdﬂat‘high
temperatures in air. As there was no informétion avaiiabie*on tﬁe‘
vacuum capability of the insulation, it was tested by the author. It
was given a light bake of just over 100 degrees C., and the pressure
in the test vacuum chamber remained at 8 x 10”° torr. Th%é}was approx-
imately the test system's ultimate capability, but still faliéishort

of the ultrahighvvacuum to be reached in the discharge tube. Thus,
although no failures of the insulator were noted in these tests, the re-

sults were somewhat inconclusive as to the full capability of this

’f

material. Nevertheless it was deéided to use the ML insulation on the
Langmuir probékleédslbetween thevprobe andfthe'tungsten electrical
feedthroughs. o | R
The final step:in the Langmuir probe'region(assembly was the
connection of the two probe leads to the tungsteﬁ feedthroughs. Two
1/4 inch stainless’steel sieeves were used, each of which had a sep-
arate hole for a single probe lead and abtungstén‘rod. The hole for
each probe lead was drilled close to the outer surface of a sleeve, so
the lead could be inserted into the hole, aqd fhe sleeve tapped with
a punch}for a press fit. The sleeves were ﬁanipulated and tightened
to the tungsten, not without some difficulty, with a straight Allen
wrench in a pin vise.' See figure 3.4-2 forfa view of the mounted
sleeves. §

. The complete Langmuir probe assembly is shown in figure 3.2-7.

|
!
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3.3 Design and Construction of the Cat,hode'Region

The primary cath;gde region design problem was the method to be
used for imparting 15 cm of linear motion to the cathode. The method
chosen involved the transfer of rotary motion to the interior of the
discharge tube, where rotary motion would be translated to linear motion.
Rotation can be translated to linear motion by rotating a/,th“r/;aaded
shaft inside a non-rotating, internally threaded sleeve’of some sort.,

. /
With this idea in mind, the problem of support of the cathode remained

to be solved. , /

‘The cathode itself required a temperature of about 2100 degrees

¥elvin for adequate electron emission, since the cathode material was

- to be pure .tungsten. This would require a heating current of roughly <

45 amperes in the size of turigsten wire to be used. - Some heat shielding
of the cathode would obviously be necessary, since the strain point of
Pyrex (#7740) is only 485 degrees C., and the stress in the outer glals.s
tubing from the localized heating from the cathode could result in
cracking, even if an air blower is uséd for :i:ooling. A glass press shown
in figure 3.3-1 was removed from a type 8693 mercury vapor rectifier tube,
and it was found that the 1/8 inch diameter tungsten rods in it could

handle the required current load without causing the giass press to be

B \\
hcated over 75 degrees C. in air. The press could perform the duties

of heat shield support and cathode support, p\rovided that a method could ., ..

be devised for supporting the press itself. |
Finally the cathode support assembly shown in figure 3.3-2 was

\

devised.  All parts are stainless steel. The details of the construction
PR N .o \\\
\

G
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 the clamping device allow the cathode to be retracted without the end

"

32

of the 6 inch threaded spacer are shown in figure 3.3-3. The spacer
;.-a.s designed to be light in weight, and still strong enough to sﬁpport
the cathode assembly. The spacer's 6 inch length serves tor‘ma/i/.ntain
alignment between the threaded shaft and the cathode ass/er{bly. It has
holes drilled in the sides near each end to provide for/ pumping of the
hollow interior. The flat piece on top of the spacer/in figure 3.3-2
prevents rotation of the spacer as the inner shaft ;ﬁo/‘cates, by sliding |
along fixed glass tubing as shown later in this section.

The shaft was threaded for 12 inches of its length to support the
threaded spac.er and to allow for the 15 cm movement of the spacer ancll‘

cathode. Figure 3.3-4 is an exploded view of the cathode support

assenbly. The two 3/32 inch diameter rods connecting the spacer with

of the threaded shaft running into the glass press.

The cathode and heat shield we}fe constructed and mounted on the
8698 glass press at International Telephone k‘and Telegraph Company's
Electron Tube Division in Roanoke, Virginia. The heat shield was A\
supported by fhe unused center post of the Eglass presé, and the c‘atho'de A
was connected at each end to the other two 1\ 8 inch diameter tungsten
rods in the press. The cathode is shown in a head on\ﬁiexi‘ in figure
3.3-5. The ceramic discs around the cathode \\leads prevent radiant heat
from cscaping through the rear of the heat shield.

The lead-in-wires for cathode current would require ql\ectrical
insulation, to prcvent a short circuit to each other or to\the\ cathode .
supporting mechanism. Glass tubing was deemed the best answer ‘to this

prodlem, and a piece was designed which allowed for insulation of the

S
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Awg,ing which, in turn, houses the lead in wire and follows the wire as

e s N SRR P

sead-in wires for all positions of the cathode. A stationary picce of

.lass tubing 12 nm in diameter houses a movable piece of 8 mm diamcter
b‘

uie cathode is moved. This is illustrated in the cutaway drawing of
figure 5.3-6. Figure 3.3-7 is a photograph of the completed glasswork
in this area, with a cathode lead in one of the stationary 12 mm diamcter
tues. Figure 3.3-8 shows the partially assémbled cathode region. The
flat stainless steel piece is shown in the ‘figure as it rides on the |
12 rm glass tubing, preventing rotation of the cathode assembli;’. “The

. 2
movable 8 mm tubing is not shown in either photograph. //

' , /
The cathode leads themselves are finely stranded, silver coated

/

copper wire, clamped to existing wires in the rear of the glass press. /,

A means of fetrécting the wire when the ‘cathode is moved away from the
anode is provided by the glass reservoirs Shown in figure 3.3-6. The !

copper leads, when given a twist, tend to ball up in the reservoir, placing

a small tension on the wire in the tubing to prevent it from binding.
ihe final sealing of the cathode leads to two 1/8 inch diameter tungsten ' N - |
feedthroughs was made with stainless steel sleeves 1-3/8 inches long,

and 5/16 inch in diameter. The sleeves were long so that the glass-

?

blower's torch would not cause excess oxidation on the copper cathode

\

leads,

3.4 Design and Construction of the Anode Region \

The anode itself was removed from a vacuum tube, type 3B25. The .
anode was first mounted on a glass tripod, zind the tripod was mounted
: - I \su‘ C !
in Pyrex tubing, at the point where the glow'discharge’tube tapers to

\
|
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26 g as shown in figure 3.4-1. This positiéﬁing allowed tube symmetry
:5 be maintained and permitted a pumpout port'to'be located direc%ly
benind the anode in the discharge tube. A wire was fastened to the
anode with a copper sleeve. The other end of the wire was originally
fastened to a tungsten electrical feedthrough by spotwelding, but this
proved to be an unreliable connection. This connection was replaced by
avstainlcss steel sleeve which fits over the:tungsten rod and the wire.
The stainless steei sleeve was manipulated a@d tightened with an Allen
wrench, similar to the mannervin which the Lengmuir probe leads were
attached. j
The tungsten-to-glass seal for electricel‘feedthrough to the anode
 was originally made practically flush with the 26 mm diameter pumpout
‘port tubing,-as shown in figure'3.2—4.' Duri%g the cleaning process the
tungsten electrical feedthrough at the anodeéwas inadvertently over- |
cleaned, resulting in a possible leak at the seal. Subsequent reheatings
by glassblowers, in an attempt to remake the seal, only resulted in the
appearance of cracks in the glass. Finally a new tungsten seal was
rade with a length of 1/8 inch diameter tunésten rod. The seal was
first made in 15 mm diameter PyreX~tubing; and the tubing itself was
joined to the élass at the pumpout port. Since this type of tungsten
to glass seal is a stronger one, there were no further problems en-
countered at the seal

Figure 3.4-2 shows the completed anode construction.
| . .

3.5 Final Assembly and Testing

The first regions to be joined together in the discharge tube were

oty
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< snode and Langmuir probe assembly. These two arcas were finished
Har 8

J.ile the cathode was in the final design stages. Vhen the cathode {
) |

«=bly had been completed, it was sealed to the other section of the

s
&b

I

e 5
|
]

systes near the anode.

After a short pumpdown, it was apparent thét a leak existed, since
ti,¢ pressure would not go below 7 x 107° torr. Two leaks were discover-
¢ and rcpaired, one due to an improperly ti‘ghtened Conflat flange seal,
xd the other at one of the probe's glass-to-tungsten seals. The latter
jcak was repaired By a glassblower. The pumpdown was reinitiated, and

6 \

& pressure of 3.5 x 107" torr was reached without baking. During this \

pumpdown, it was noted that the cathode assembly threaded shaft had galled,
at first réfusing to rotate more than a hélf\"\tum, then frec?zing eom-
pletely. In attempting to free the threads b\)\r tuming' (fhéwg}i‘éf‘c';Jf;tivo )
screws holding the flat piece‘ in place on the 6 inch spacer were
loosened. (Rekfer ‘to figure 3.3-2.) This problem was temporarily neg-

A\

iected, and localized baking was begun. \\\

The localized baking involved the wrapping of heat tapé\afoundl one
portion of the tube,‘ followed vby the comp;lete covering of the area with
aluminum foil, in an attempt-to maintain uniform heating. The localized
baking was well underway when a crack formed at the discharge tube
connection to the vacuum system, near the anode.

The crack was apparently due to the torsion and other stresses
applied to the joint, and because the joint had not been annecaled. The .
crack opened the entire system to atmospheric pressure. A glass bellows

was blown at the VPI Glassblowing Shop, and placed at the anode pumpout

.charge tube, after which the entire tube was sealed to the vacuum !

//
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sort. The pumpdown was started again and the localized baking was’

reinitiated. Current'was applied to the cathode for a short time, with

‘; great degtee of outgassing the result.

The pressure limit had been reduced to 4.5 x 10"7 torr when a small
intermittent leak was discovered in the purchased rotary motion/ feed-
through located near the Langmuir probe. The leak temporarily/seéied ‘
itself, and baking continued. |

The loose screws in the cathode region were tightc?ned after the
system had been opened again to the atmosphere. Befofie this was done,

some neon was bled into the system, in an effort to reduce contamination

when the air was let in. To get to the loose screws without completely

dismantling the discharge tube, a hole was made in the glass directly .

above the screws. To keep‘th'e screws from loosening again, 0.005 mch
diameter stainless steel wire was placed around the screw heads to act
as washers, as no stainlcss’ steel washefs were available. The system
was resealed and again the pumping began. The pressure dropped to its
former limit in a short time, perhaps attributable to the neon coating
of the interior walls. | | '

Cathode heating was begun. So as not to increase the pressure in
the discharge tube too drastically, the current was incremented in steg\ﬁs
of 1 ampere. from\lS to 41 amperes, the system pressure remaining below
S X 10.6 torr at all times. Figure 3.5-1 shigws the cathode with approx-
imately 30 amperes of current. Localized ba]éing with heat t‘e{pe‘com g
tinued while the cathode was being heated. A;fter all heat had been

removed, the pressure was reduced to 1.9 x 1077 torr. A bakeout oven

was then placed over the entire system and heating was begun. The final

~ .

&

.

A




45

S— b
JR—— . e < e i e e e v o e ™
. . T L et

. /M ST s e
n e —
i i T

: % ) . 5 1 e r m”

o B u

© i G N SR

~ -
——

. ....siy(..,.uw/-fy »“ MW

" ..,limﬂ.
Q.«.ﬁ%ﬁ%ﬂi
st

L

et s i g, it
S st

sy

ot



0 AN A

s s e

46

1006t temperature used in this bake was 200 degrees C. Pollowing the

s icwst, which lasted 48 hours at maximum temperature, the pressure

wehed was still 1.9 x 10 -7 torr. f

3 8701
i

A leak check was made, and two leaks were located which had not

veen discovered previously. One was in the cathode region rotary motion
v !

feedthrough, and the other in the glasswork which connected bottles of

nert gas to the discharge tube. Spraying methanol on the leaking

|
r¢pions at least temporarily sealed the leaks in the rotary motion de-

vices, and the pressure was reduced almost immediately to 5 x 1078 torr.
7.¢ leak in the glass under the vacuum system table continued. By

ciosing a bellows-sealed valve leading to tHe gas bottles, it was found

wat o system pressure was reduced qulckl)j to 3 x 10° -8 torr.

anoid

Fzgure 3. 5 2 shows the dlscharge tube w1th a gas dlscharge fired.

R o
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4, CONCLUSIONS AND RECOMMENDATIONS

.
/

|
Apparently some sources of contamination remain in the new di‘schar‘ge
'.w: However, it does seem to work properly with the exceptioh of the’
cathode movement apparatus, |
The threads of the cathode motion assembly seem to gall at some
yalue of pressure as the discharge tube is pumiaed out. This is apparently
due to the removal of adsorbed gases from the threads. It appears that

tiese gases, when present, act as a lubricant. The cathode can be moved, -

wit this involves a lengthy job of opening the\u\ system to atmosphere, or

¢ry nitrogen, then moving the cathode and pumping the system down, baking
it, ctc., until the interior of the discharge tube is clean again.
' \
Redesign of the cathode movement apparatus is in order, with the

replacement of the threaded mechanism the primary concern. Another
. < : \
gprovement in this region would be the installation of springs for

athode lead Tetraction, if the same or sﬁnilar glasswork design is used.
“he glasswork design would be improved by straightening the right angle
& the 12 mm glass tubing used for electrical insulation, to help

sfevent the cathode supply leads frov binding in the tubing. ~

144

The best answer to the cathode motion problem may be a linear
wtion feedthrough arrangement with a long metal bellows. This would
ride the tube longer than its presentv length, but should help to make
wthode motion more reliable. !

During the localized baking of the glow discharge tube, the probe
L insulation changed color, indicating that it may be oxidizing, or
%re likely, decomposing at higher bakeout temperatures. One step

*wird a cleaner system would be the elimination of the ML insulation,

48 |
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0
svplacing it with some sort of stacked ceramic insulation such as found
vith some vacuum tubes, for instance type NL-740P.
It also might be desirable to move the electrical feedthfough
srysngesent for the Langmuir probe to é position betwee;; the rotary
sction feedthrough and the linear motion feedthrough,/using ceramic-to-

seis) seals. This would allow the complete removal of the probe from

: J
‘¢ discharge tube without disconnecting the stainless steel sleeves
. ‘ i

vhich attath the probe leads to the electrical feedthroughs.

The linear motion feedthrough designed for the Langmuir probe works

~

gsite well, In future designs it would be desirable to use thicker

wslled pipe for the outer turnbuckle, to allow a coarser thread to be _
wied. With the device now used, it takes 12 complete revolutions of

the ccntc;r' sleeve of the turnbuckle to move the Langmuir prdbe a distance
t/:’ 1 inch. Special Conflat flanges are made with internally threaded
121t holes, which would make it possible to use any diameter pipe, up |

s 2-3/4 inch for the turnbuckle. If r_eguiar Conflat flanges are used,
{t is necessary to leave space for nuts or bolié , limiting the pipe \

dianeter to approximately 2 inches. | 2Nt

o~
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T. INTRODUCTION ' y

Conducting probes are known to have been used to explore ion=~
ized gases since the eighteen nineties when Crookes made available
his work in this area. However, until the work of Irving Langmuir
was presented in 1923 the use of probes was not fully understood and
lay as a dormant art. Shortly after Langmuir published his probe
theory in the form.of a series of articles in the General Electric
Review of 1924 there commenced a steadily increasing amount of study
and regéarch into the field of probes and their use for the measure-
ment of electron velocity distribution functions.

.There are, however, two basic areas of concern common to all
the proﬁe theories that were developed through the years. The first
of these is that in order to apply the probe theories it is necess=~
ary to obtain the second derivative of the probe current with res-
pect to probe voltage. Secondly, it is necessary to make the as-
sumption of an isotropic distribution function. Many methods were

devised to find the second derivative of the probe curve, but all

‘are prone to a significant error. And quite obviocusly, the assump-

tion of isotropic distribution functions places a limit on the appli-
cability of the probe theories.

In 1962, R.H. Bond published a paper (Reference 1) in which he
demonstrated that for a planar probe the first derivative of probe
current with respect to probe voltage is proportional to the function

g(vz), where g(vz) represents the directed electron velocity distri=-




bution yielding the density of those electrons with z~directed velo-
cities in the range v, to vz+dvz. In this analysis it was shown that
it is not necessary to assume that the distribution function is iso-
tropic.

In 1965, Bond extended the aforementioned work in a report
(Reference 2) to show that if the distribution function is isotropic
the first derivative of the probe curve is proportional to g(vz) for
cylindrical and small spherical grobes as well as planar probes.
Thus, it is seen that by using planar probes one is able to measure
any anisotropy which the electron distribution might possess.

A series of experiments described in Reference 2 made use of a
guard—ring probe to measure for the first time the directional pro-
perties of electron distributions. The plasmas probed were the posi;
tive columns of neon and helium hot cathode discharges. The experi-
mental results and distributions obtained were then presented and
discussed.

In concluding his report,.Bond recommended that it would be of
interest to pursue a solution of the theory which was developed for
the experiments, under conditions applicable to the experiments. In
this manner, by comparison of the theoretical and experimental distri-
butions, it would be possible to determine the validity of the theory.
This then is the object of this thesis. The theory is discussed in

the next section.




dv = dv_.dv dv_. The term 3f

IT. THEORY

This section deals with the theory presented in Reference 2.

Since a very detailed developement of the theory is given in that

source, only those points of particular concern will be discussed in

depth.

As stated, our intefest lies in the measurement of directed
velocity distributions in a plasma. The plasmas of concern are as-—
sumed to be weakly ionized so the interactions that dominate are’
those between electrons and neutrals. In the positive column there
exiétsia high electric field directed along the tube axis, and since
there -is no applied magnetic field, the electric field is assumed to
produce the only external force on the electrons. Also, the distri-
bution function is assumed to have reached a steady state condition’
and to be spatially‘homogeneous.‘ With the z-axis along the axis of
the tube, the Boltzmann equation becomes

-

B!m

2 -
= 3tlcollisions (2.1)

of
ov

z
where f(v)dv gives the density of electrons with velocities within

is the time rate of change of

otjcollision
the distribution function due to collisions.
Through the use of: |

1. the Chapman and Cowling form for the collision term

(Reference 3), which is valid under the assumption of binary, elastic,

short~term collisions




2. the approximation that :
f(v,0.) = £ (v) + cosb £ (v) (2.2)
1 0 11
which is obtained from an expansion of the collision term in Legendre
polynomials, where higher order terms such as fz, f3, etc. are consi-

dered negligible and 8., is defined By vcosel = v and Figure 1
z

1

3. and a variety of other approximations and methods of

which there is no relevent need to expound

it is shown that

—eE _§_f_o - - fl (2.3)
vlm sv ,
and B - v
Cmvdv
- kT + e2E*M
3m vl
f = Ac ' (2.4)

0

"where A is a constant. At this point, it is worth noting what the

terms fo and fl represent physically. The fo term represents an

isotropic distribution whereas fl represents an anisotropy which can

be interpreted as a drift velocity in the direction of the applied

force on the electrons.

Paying particular attention to equation (2.4), it is seen that

for kT>>e2E2M one obtains a Makwellian distribution

3méy
o1 - mv2
fo = Ae  2kT (2.5)
However, for the opposite case of a.strong electric field [e2E2M3>kT),
' 3m2v
1

the distribution is not in general Maxwellian. It is not possible to

evaluate an exact form of this latter distribution function unless
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)
vl is known as a function of v. If the mean free path (A) is assumed
independent of v (vl = g), the Druyvesteyn distribution
A .
—'3m3v4 - hav4 .
f = A¢ 4}\282132}'1 = Ag (2.6)

0
is obtained. It is important to mention at this time that the pur-
pose of this thesis (as will be seen in the next section) is to consi-
der the case of non-constant mean free path and the constant case is

presented only for clarification.

The constant term A in the preceding equations can be evaluated
‘ A}

by noting that the integral of f over all velocity space yields the

electron density n, i.e.,

A ki
n:ff_d_y_.-—_

00

O 8
O N

ﬂ :
J fv2sind de dédv (2.7)
0 1 17

' where it is recalled that a relationship for f is given by equation

(2.2). Tor the case of a Druyvesteyn distribution

A = nh . (2.8)

Now, the desired function g(vz) can easily be calcuiated. Re-
membering that this function gives the density of electrons with z-
directed velocities in the range v, tov, + dvZ without regard to
their x~ or y-velocities, it is seen that g (vz) is found by inte-~
gration of f over all possible Vo and vy yielding

o0

g(vz) = [ [ fdvxdvy (2.9)

=00

or in terms of polar coordinates




«©

gl{v ) = 2m é frdr . (2.10) /
z

/

For the Druyvesteyn distribution, equation (2.10) becomes
g(v ) = /mh {1 - erf(u?v 2)} (2.11)
Z  2r(3]
4
where the fl term has been ignored as it is shown in the Appendix

of Reference 2 'that it is insignificant except for large v,

Thus, it is seen that the theory developed leads to a series

- of equations allowing calculation of the z-directed electron velo-

city distribution function. And this theory hinges, again, on the
following major conditions:

1. The degree of ionization is low so that only elec-
tron—neﬁtral collisions need be given attention.

2. Only elastic, short—term,‘binary collisions are con-
sidered; |

3. The velocity distribution function f can be repre-
sented by equation (2.2).

Using this theory then, and provided the conditions and assump-

tions are valid, one should be able to calculate the theoretical
velocity distribution functions in order to compare them with the

measured exﬁerimental distributions.
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TIIT. SOLUTION PROCEDURE

The solution of the theoretical equations to obtain the dis-
tribution functions is accomplished through the use of an IBM Sys~
tem/360 digital computer. This seétion discusses the techniques
and procedure followed in obtaining the computer solution.

Consider the following equations given in the previous sec-

tion: v
mvdv
- KT + e2E2M

BmZGlZ '
fo =A¢g’ (3.1)
- -f = eE of (3.2)

1 O S;p

- 1 | L
o 21 7 9 , :
n=/S/f [ £visin 6_46_ d¢dv (3.4)
vcosel =V, | . (3.5)
g(vz) = 2nf frdr ' (3.6)
: 0

Now, it is seen that equation (3.1) cannot be solved directly
unless all of the terms are independent of v. And vl in not indepen-
dent of v, unless the collision cross section o is constant, since

v, = Nov . : (3.7)
1 .
For the special case where ¢ is constant (Druyvesteyn distribution)
equation (3.1) can be directly integrated and yields g(vz) as given

by equation (2.11). However, since the solutions of interest are

those of neon and helium it is necessary to determine the relation-




ship between 0 and v for these two gases. According to Rose” and
Clark (Referehce 4) this relationship is given by Figures 2 and 3,

in which it is seen that ¢ and v are not independent. With the

assumption'of a strong electric field'(ezEzM z>kT) equation (3.1)
' 3m 21
becomes
' v 3 9 v -
3m v, “vdv f'3m3N202v3dv
—J ezEzﬁ ﬁj eZE2M
fo = Ag = Ag
v ‘
-/ h o?v3av (3.8)
1
= Ae

where A and hl are constants for each gas. The solution of equa-
tion (3.8) is then obtained by numerical integration over the de-
sired range of v. This is accomplished most easily on the compu-

ter by plotting h02v3 versus v to obtain a relationship similar to

- Figure 4. The area under this curve from zero to v yields the

v

value of the integral term /h ozv?dv for the desired v. Thus, the

1
value of fO/A can be found for each desired v and is given by a
curve similar to Figure 5. Since fO/A goes to zero so quickly, it
is only necessary to integrate to values of v beyond the point where :
fo/A becomes relatively small. This point is noted to be at values'
of v in the‘range 5.5-6.3 x 106 meters per second for neon and 2.5-
3.0 x 109 meters per second for helium for those conditions consi-
dered. However, for both gases the dintegration is carried to values

of 6.5 x 106 meters per second.

Now that fO/A is known, it is relatively easy to determine fl’
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y
which is given by equation (3.2) as /
f. = e of = ek "~ '3f =" h, of (3.9)
£ 2L, 21, g 014
1 vim v Rmov dv oV ov

wiiere h2 is a constant for each gas. The term'afo can be replaced

v
by v
—fh102v3dv 9 3
of = 3(Ac ) = =~h.o“vf, . (3.10)
5;0 © v 1 0

Thus, fl is readily found with respect to v from corresponding values

of f0 as

- _ 2
fl hzhlov‘fo (3.11)
and the f1/A versus v curve is similar to Figure 6.

To calculate the constant term A equation (3,4) is combined

with equation (3.3) to yield

© 2T W 2
n=/f/ J (fo + coselfl)v 31n61d61d¢dv
00 O
=47 [ f vzdv . (3.12)
o ©

Plotting 4w£3v2 versus v will give a curve similar to Figure 7. .Now
this curve is found to go to relatively small values for the gases
considered before the point where v is 6.5 x lO6 meters per second.
Since n/A is given by the area under the curve of Figure 7, and it
was found that the value of n/A for each gas remains the same whether
numerically integrating to v Qalues of 6.5 x'106 meters per second

or larger, it is concluded that stopping integration at 6.5 x 106
meters per second is sufficient and valid, as was stated earlier.

The value of the electron density is known from the experimental

data in Reference 2, so A is determined from the relationship
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p
area under curve n/A

of Figure 7

With A thus determined, f can be determined from equations

(3.2) and (3.5) to be

f = fo + flcose

1
=[f, + flcosel]A - (3.14)
A

A
b and it plots with v similar to Figure 8.

With f versus v now obtained the point of major interest ——-

the calculation of the z~directed velocity distribution function

'g(vz) --- has been reached. Using equation (3.6) we see that g(v,)

is given by the area under the curve of 2wfr versus r, where

2 _ .2 2 _.2_ 42
r¢ = v, + vy v v, | (3.15)

L T

These curves of 2nfr versus r are similar to Figure 9. It was noted

that the values of g(v ) do not change regardless of the value of v
z

numerically integrated to, provided the value is equal to or greater

than 6.5 x 106 meters per second. Thus, once again the validity of

6.5 x 106 meters per second as an iﬁtegration end-point is establish-

ed. | i
qu that the preceding method of determining the z~directed

velocity distfibutions has been presented, it is appropriate that a

comparison of those distributions obtained theoretically in the

aforementioned manner be made with those measured experimentally

in Reference 2.
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1V. 'RESULTS e

In ordgr to arrive at conclusions concerning the validity of
the theory presented previously, it is necessary ﬁo consider two
separate sets of results. Thesé consist of those measured experi-
mentally and presented in Reference 2 and those obtained theoreti-
cally by the methods of this thesis.

Tables I and II présent the conditions under which the ex-
periments were conducted as well as the values obtained for the
various.electron number densities. It is these conditions that are
applied to the theory to yield its results. The theoretical re-
sults are represented by the fgmilies of g(vz) curves in Figures 10
and 11. It should be noted that only a portion of the results are
’presented. This is due to the fact that they are the only portion
for which comparable results are presented in Reference 2. &he re-
maining results are similar families of curves(which are not ne-
cessary in order to allow conclusions to be drawn ;oncerning the
theory.

If one of the curves from each set of the families of Tigures
10 and 11 i: compared with its counterpart measured experimentally,
as is done in Figures 12 and 13, a dissimilarity is noted. The
fact that the dissimilafity‘of the curves is large indicates a de-

finite etrror. The next section deals with this problem.

20
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Discharge Radial Electron
description location number -1s
of probe density (%10 )
Pressure = 400y - .
2,0cm 4.53
Discharge current = 100ma 1.5em 3.71
1.0cm 2,99
Longitudinal distance of "~ 0.5cm 2.02
probe from cathode = 69cm
Pressure = 400u
2,0cm 2.90
Discharge current = 100ma 1.5em 2.48
1.0cm 2,08
Longitudinal distance of 0.5cm 1.47
probe from cathode = 61.5cm
Pressure = . 400u
2,.0cm 2.74
Discharge current = 75ma 1.5cm 2,31
\ 1.0cm 1.88
Longitudinal distance of 0.5cm 1.24
probe from cathode = 69cm
Pressure = 400u
, 2.0cm 2.55
Discharge current = 75ma 1.5cm 1.77
’ 1.0cm 1.40
Longitudinal distance of - 0.5cm 0.88
61.5cm

probe from cathode =

Neon Experimental Conditions

© Table T
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Discharge Radial Electron
description location number -15
of probe density (%10 )
Pressure = 1000u o o
- 2.0em 4,11
Discharge current = 75ma 1.5em 3.60
. ‘ 1.0cm 2,72
Longitudinal distance of 0.5cm 1.79
probe from cathode = 69cm
Pressure = 1000u :
2.0cm 3.08"°
Discharge current = 75ma 1l.5cm 2.68
) l.0cm 2.06
Longitudinal distance of . O.5cem 1.37
probe from cathode = 61.5cm
Pressure = 500u
2,0cm 4,05
Discharge current = 100ma 1.5cm 3.48
1.0cm 2,72
Longitudinal distance of 0.5cm 1.83
probe from cathode = 69cm
Pressure = 500u . .
2,0cm 3.10
Discharge current = - 100ma 1l.5cm 2.82
1.0cm 2,16
Longitudinal distance of : 0.5cm 1.47
probe from cathode = 61.5cm :

Helium Egperimentai Conditions

Table II
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V. CONCLUSIONS

The obvious deduction thét éaﬁ bé made concerning the dis-
similarity of the theoretical éﬁd e%périmental reéults is that the
theory is not truly representativé of the physical occurrences. The
methodology and program used in the calculation of the theoretical
distributions is shown to be correct in Appendiﬁ B, thus giving sup-
port to this deduction.

Recollegtion of the basic assﬁmptions made in developing the
theory will perhaps give some insight into the reasons for its col-
lapse. The first assumption, thét thé dégree of ionization is low,
is shown to be valid when noting that the electron number densities
are of fhe order 1015 and the neﬁtral number densities are of the
order 1022 for the gas pressures used, thus yielding a degree of
ionization of order 10_5 per cent. The second assumption, that
only elastic, short-term, binary collisions need be considered does
not prove valid when it is seen that the g(vz) distributions, for
neon in particular, have significant values at energies of 20 elec-
tron volts (3 x 106 meters per second). This is in the region of
the first resonance potential of both helium and neon. It is evi-
dent from this that electrons with energies above the first resonance
potential are undergoing inelastic collisions. This will modify the
distribution functions not only in the high energy range but also
where collisions are purelj elastic. The third assumption, that f

can be approximated by the two terms f0 and fl’ is one which Ginzberg

27
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,

(Reference 5) holds to be valid but which could concievably éause
error. This could come about és the result of a higher order approx-
imation such as f2’ f3, etc. which is not neéligible as supposed. An
‘additional assumption, that of é stroné field; was made in the solu-
tion procedure. This assumption is shown to be valid in Appendix C.

It was noticed that by adjusting the parameter hl in equation
(3.8) one is able to "fit" the theoretical curves very closely to
the measured experimental one;. A detailed analysis of this was not
carried out, but preliminary investigafions indicate a mathematically
- determinate relationship might e#ist between hl and the proper
"fitting" of each set of relatéd cufvés; This mathematical relation~-
ship would seem to be dependent on the physicél parameters of the
discharge. |

With the aforementioned in mind it can be deduced that the
theory could be misrepresentative of the physical occurrences due to
any one, or combination of, the following factors:

1. Failure to take into account inelastic collisions.

2. Invalid series representation of the velocity distri-

bution function f.

Naturally, there are possibly other areas where the physical
situation is erroneously represented. The aforementioned are the

most obvious noted by the author.




VI. RECOMMENDATTIONS

The work done in this thesis was undertaken in order to de-
termine whether the theory developed for the ekperiments of Refer-
encé 2 was truly representative of the ph&sical occurrences. It
was shown that this was not the case. It would be therefore logi-
cal that the thebry be reworked taking into account those areas of
concern. Additionally, it would be interesting and of value to
study more thoroughly and to determiné; if indeed possible, the
mathematical relationship for hl for the proper "fit" of theoreti~
cal to experimental aistributions in’térms of various physical

parameters of the discharge.

29
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APPENDIX A

The program listed on the following pages was run on the IBY
System/360 computer to calculate the electron distributions for neon
and helium., It is titled DIREDIST, is in Fortran IV language, and

consists of the following sections:

A. Main Program - used to control inputs and outputs,

call the subroutine to calculate equations to fit data curves and
pick the best "fit', print and check the data equations, calculate
variablgs, call other sections when appropriate, and print the
;main headings and final g(vz) values.

B. Subroutine FOSAV - used to calculate points of an

hlczv versus v curve and print these points, call a subroutine to
numerically integrate these points 11 at a time, and print the points
of the fO/A versus v curve thus calculated.

C. Subroutine F1SAV - used to calculate and print points

of an fl/A versus v curve corresponding to those in section B.

D. Subroutine FSACON - used to calculate and print points

of a Awfovz versus v curve, corresponding to those of sections A and
A

B, to call the subroutine to numerically integrate these points 19

at a time, and add these integrations together.

E. Subroutine FSAV -~ used to calculate and print points

of an f versus v curve and to print the value of the constant A ob~

tained in section D.

¥. Subroutine FR = wused to change the system of refer-

(%)
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ence from rectangular to polar coordinates.

G. Subroutine DIST - used to calculate and print points

on a 2nfr versus r curve correspondiﬁg to those of section F, and
to call the subroutine to numerically integrate these points, thus
yielding a value of g(vz).

H. Subroutine ORTHO - used to "fit'", by the method of

least squares (Reference 6), a polynomial equation of from first to
eighth order to a series of points, to calculate the sum of the
squares of deviation and the maximum single deviation at a point.

I. Function SIMPUN - used to numerically integrate a

series of points on a curve using the Modified Simpson's Rule.

fhe flow chart shown in Figure 14 is intended to describe as
simply as possible the operation of the program. It is a simpli-
fied operationalvflpw chart and as such is not intended to give a
literal description of the program — the‘listing following is

for that purpose.




Read experimental
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data inputs

Yomb . N .
FiInitializce counstants }

no-%

Write g(v ) fe— yes
values

T
~[call FSACON]
| )

\“\-
{E’ick gas to be (‘m\::{dm‘cdj
T
v
l(‘.n]c'.\ﬂ.'\l'o vm"{:\h]vd
i
[Rcad g curve datnf
1

W
Call ORTHO and pick
best "fit"

iCalculatg curve Dointq}
T
Write coefficients of curve
equation and curve values at
at selected points
T

g
[Write headings‘

I
Select v, value

Initial v
“value for gas®being
considered

NOT—

yes

Call FOSAV |

Call F1SAV

Call FSAV

[caii FR

Call DIST

Completed
all desired
v values ?

TLO et

~Operational Flow Chart-

Figure 14
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MAIN PROGRAM

100

105

101

210

120

169

CALCULATION OF DIRECTED ELECTRON VELOCITY DISTRIBUTIONS IN
HELIUM AND NEON

ODIMENSION RA(16),PHE(16),EN(19),XM(4),VZ(19),XN(16),X(40),
LXNDNE(16) ,XWDHE (16) , XNDN1(16) ,Y(40) ,XNDH1(16) ,FOSA(740) ,VEL(740),
2COE(10) ,E(40),F1SA(740),YSIG(40),SIG(42),V(147) ,FSA2(147),
3VELO(147),F(147) ,R(147),GVZ(19) ,PNE(16) ,CURNE(16) ,CURHE(16),
4XL(16) ,SUMSQ(10) ,FSAL(147) ,GVZ1(19)

READ(5,100) EN,RA,XL,XNDNL,XNDHL,PNE,PHE,CURNE, CURHE,

FORMAT (5F10.5)

CONSTANTS
XMELEC = 9.1086E~31
XM(1) = 3.351E-26
XM(2) = 3.351E-26
XM(3) = 6.643E-27
XM(4) = 6.643E-27

*EFIELD = 2.0E2

ECHRG = 1.6021E~19

TEMP = 2.93E2

AVNUM = 6.023E26

CONS = (AVNUM*2.73E2)/(2.24E1%760E-3%TEMP)
DO 10 I = 1,4

CALCULATION OF EQUATION TO FIT DATA CURVES

IF (I .EQ.-2) GO TO 110

IF( I .EQ. 4) GO TO 110

READ (5,105) NPOINT

FORMAT (I5)

DO 210 J = 1,NPOINT

READ (5,101) X(J),Y(J)

FORMAT (2F10.0)

YSIG(I) = Y(J)

E(J) = X(J)**%2

DO 120 IDG = 1,8

CALL ORTHO (E,YSTG,NPOINT,IDG,COE, SUMSQ, DMAX)
CONTINUE

SUMMIN = SUMSQ(L1)

DO 111 I0 = 2,8

IF (SUMMIN .LT. SU\SQ(IO)) GO TO 169
N = IO

GO TO 177

N =1
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177 SUMMIN = SUMSQ(N)
111 CONTINUE
IDG = N
CALL ORTHO (E,YSIG, NPOINT 1DG, COE SUWSQ DMAX)

PRINT AND CHECK THE RESULTS OF THE EQUATION

WRITE (6,102)

1020FORMAT (1H1, 3X, 3HIDG, 6X GHX**8 | 6X, 4HX**7 , 6X, 4HX*%6,6X,4HX**5,
16X, 4HX**4  6X, 4HY**3 6X 4HX**2 6X 4HX**1,6X, 4HCOVS 5X SHSUMSQ,
26X, 4HDMAX)
WRITE(6,103) IDG, (COE(K),K=1,9),SUMSQ(IDG) ,DMAX

- 45 FORMAT (//19X,6HENERGY,25X,5HSIGMA, 25X, SHSIGIN, /)

WRITE (6,45)
103 FORMAT (/5X,Il,4X,11(1X,E9.3))
DO 150 N = 1,NPOINT
SIG(N) COE(1)
DO 160 M = 2,9
160 SIG(N) SIG(N)*E(N)+COE (M)
150 WRITE (6,69) E(N),SIG(N),YSIG(N)
69 FORMAT (15X,E15.8,15X,E15.8,15X,E15.8)

]

CALCULATED VARIABLES

110 DO 10 KK = 1,16
NFLAG = 0
DO 15 J = 1,19
NFLAG = NFLAG + 1
IF (I .EQ. 2) GO TO 71
IF (I .EQ. 4) GO TO 71
IF (KK .GT. 1) GO TO 71
IF (J .GT. 1) GO TO 71
IF (I-2) 60,60,70
60 WRITE (6,65) PNE(KK),CURNE(KK) ,XL(KK) ,RA (KK)
650FORMAT (1H1,5X,4HNEON,5X,4HP = ,F5.0,3H MU,S5X, 4HI = ,F5.1,3H MA,
15X,4HL = ,Fh.1,3H CM,5X,4HR = ,F3.1,3H CM)
GO TO 71
70 WRITE(6,75) PHE(KK) ,CURHE (KK) , XL (KK) , RA (KK)

750FORMAT (1H1,5X,6HHELIUM,5X,4HP = ,F5.0,3H MU,5X,4HI = ,F5.1,3H MA,

15X,4HL = ,F4.1,3H CM,5X,4HR = ,F3.1,3H CM)
71 IF (I .EQ.1) GO TO 76
IF (I .EQ. 2) GO TO 77
IF (I .EQ. 3) GO TO 76
IF (I .EQ. 4) GO TO 77
76 VZ(J) = (SQRT(2.0*ECHRG/XMELEC))*EN(J)
GO TO 29
77 VZ(J) = —(SQRT(2.0*ECHRG/XMELEC))*EN(J)
29 IF (NFLAG .GT.1) GO TO 51
- IF (I - 2) 30,30,40
30 XN(KK) = CONS*PNE(KK)*1.0E6
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XNDNE (KK) = XNDNI(KK)*1.0ELS
GO TO 50 .
40 XN(KK) = CONS*PHE(KK)*1.0E~6
XNDHE (KK) = XNDHL(KK)*1.0EL5
50 CALL FOSAV (XM,H,XX,KK,XMELEC,FRCHRG,EFIELD,T,FO0SA,VEL,COE)
CALL F1SAV (TOSAV VEL, YMLLEC ECHRG, XN,KK, I,EFIELD,F1SA,H, COE)
OCALL FSACON (FOSA,VEL,TI,VELO XNDN",RA XNDHE , ACONT, FSAL, F1SA,
1FSA2)
51 CALL FSAV (VZ,J,VELO,V, MIN FSAl FSA2, ACOVT F,KK,I)
CALL ¥R (V,R,VZ,J,MIN,KK)
CALL DIST (F,R,GVZ,J,MIN,KK,I,GVZl)
15 CONTINUE

PRINTED RESULTS

IF (I-2) 81,81,82
81 WRITE (6.66) PNE(KK),CURNE(KK) ,XL(KK) ,RA(KK) , XNDNE (KK) , XN(K&)
660FORMAT (1H1,5X,4HNEON,5X,4HP = ,F5.0,3H MU,5X,4HI = ,F5.1,3H MA,
15X,4HL = ,F4.1,3H CM,5X,4HR = ,F3.1,3H CM,/5X,19HELECTRON DENSITY
2=,F15.8, 5X, 15HNEON DENSITY = ,E15.8)
GO TO 80
82 WRITE (6,78) PHE(KK) ,CURHE (KK) ,XL(KK) ,RA(KK) , XNDHE (KK) , XN (KK)
780FORMAT (1H1, 5X, 6HHELIUM, 5X,4HP = ,F5.0,3H MU,5X,4HI = ,F5.1,3H MA,
15X,4HL =,F4.1,3H CM,5X,4HR = ,F3.1,3H CM,/5X,19HELECTRON DENSITY
2= ,E15.8,5X,17HHELIUM DENSITY = ,E15.8)
80 WRITE (6,85)
85 FORMAT (/14X,8HVELOCITY,23X,5SHG(VZ),22X,10HNOEMALIZED, /)
DO 10 NIN = 1,19
10 WRITE (6,95) VZ(NIN),GVZ(NIN),GVZ1(NIN)
95 FORMAT (10X,E15.8,15X,E15.8,15X,E15.8)
STOP
END

SUBROUTINE FOSAV

CALCULATION OF THE SYMMETRICAL DISTRIBUTION FUNCTION

SUBROUTINE FOSAV (XM,H,XN,KK,XMELEC,ECHRG,EFIELD,I,FO0SA,VEL,COE)
ODIMENSION V1(7392),YY(7392),XN(16),XM(4),EV(7392),SIGMA(7392),
1X(15),Y(15),XINTEG(740) , SUMINT (740) , FOSA(740) ,VEL (740) ,COE(10)

Vi(l) =

DO 3 K = 2,7392

Q=K

IF (I .EQ. 1) GO TO 71

IF (I .EQ. 2) GO TO 72

IF (I .EQ. 3) GO TO 71
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IF (I .EQ. 4) GO TO 72

71 VL(K) = (Q-1)%6.55E6/7391.0
GO TO 73

72 V1(K) = =-(Q-1)%6. 55E6/7391.0.

73 H= (XMELEC**2/ECHRG*%2) * (3. 0*XN (KK) **2 /EFTELD#%2) * (XMELEC/XM(I))
EV(K) = ((XMELEC*V1(K)**2)/(2.0*ECHRG)

SIGMA(K) = COE(1l)
DO 25 MX = 2,9
25 SIGMA(K) = SIGWA(K)*EV(K)+COE(MX)
SIGMA(K) = SIGMA(K)*1.0E~20
3 YY(K) = H*SICMA(K)**Z*Vl(K)**3
SUM = 0.0
VEL(1) = 0.0
FOSA(Ll) = 1.0
DO 10 M = 2,740
MM = (M-2 )*10+1
MN = (M-1)*10+1
MK'=0
‘DO 9 N = MM,MN
MK = MK+1
Y(MK) =YY(N)
X(MK) = V1I(N)
9 CONTINUE

VEL(M) = X(11)
XINTEG(M) = SIMPUN(X,Y,11)
SUMINT (M) = XINTEG(M)+SUM
FOSA(M) = EXP(~SUMINT(M))
SUM = SUMINT (M)
IF (FOSA(M) .LT. 1.0E-50) GO TO 11
10 CONTINUE
‘ GO TO 12
11 DO 27 NO=M, 740
MO=11*NO-NO+1
VEL(NO) = V1(MO0)
27 FOSA(NO)=0.0
12 IF(I .EQ. 2) GO TO 13
IF(I .EQ. 4) GO TO 13
IF(KK .GT. 1) GO TO 13
WRITE (6,81)
81 FORMAT (//15X,4HF0SA,27X,3HVEL,/)
DO 14 NL=1,740,6
14 WRITE (6, 82) FOSA(NL) VEL (NL)
82 FORMAT (10X,E15.8,15X,E15.8)
13 RETURN
END

C. SUBROUTINE FI1SAV
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DETERMINATION OF THE DISTRIBUTION FUNCTION DUE TO DRIFT

OSUBROUTINE F1SAV (¥O0SA,VEL,XMELEC,ECHRG,XN,KK,I,EFIELD,F154,H,

1COE)

ODIMENSION DERFO(740),FOSA(740),VEL(740),SIGMA(740) ,EV(740),

1F1SA(740) ,XN(16),COE(10)
SIGMA(L) = 0.0

EV(1) = 0.0

F1SA(1) = 0.0

DO 10 K = 2,740

EV(K) = (XMELEC*VEL(K)#*%2)/(2.0%ECHRG)
SIGMA(K) = COE(1)

DO 25 MX = 2,9

SIGMA(K) = SIGMA(K)*EV(K)+COE(MX)

SIGMA(K) = SIGMA(K)*1.0E-20

DERFO(K) = —H*SIGMA (K)**2XVEL (K) **3*FOSA (K)

OF1SA(K) = (ECHRG*EFIELD/XMELEC)*(1.0/ (XN (KK)*SIGMA(K)*VEL(K)))*

1DERFO (K)

IF (I .EQ. 2) GO TO 13

IF (I .EQ. 4) GO TO 13

IF (KK .GT. 1) GO TO 13

WRITE (6,31)

FORMAT(//16X, 3HVEL, 26X, 4HF1S4, 27X, 2HEV, 27X, 5HSIGMA, /)
DO 14 N = 1,740,6

WRITE (6,32) VEL(N),F1SA(N),EV(N),SIGMA(N)
FORMAT (10X,E15.8,15X,E15.8,15X,E15.8,15X,E15.8)
RETURN

END

SUBROUTINE FSACON

1
7
10

DETERMINATION OF THE CONSTANT A

OSUBROUTINE FSACON (FOSA,VEL,I,VELO,XNDNE,KK,XNDHE,ACONT,
1FSAL,F1SA,FSA2)

ODIMENSION FSASIN(740),F0SA(740),VEL(740),YYY(19),XX(19),
1VELO(147),XINTE(147) ,DSA(147),C(19) ,FSAL(147) ,XNDNE(16),
2XNDHE (16) ,FSA2(147) ,F1SA(147),D(19)

PI = 3.141592

IF (I .E0. 2) GO TO 7

IF (I .EQ. 4) GO TO 7

IF (KK .GT. 1) GO TO 7

WRITE (6,1) ‘

FORMAT (//15X,4HVELO, 27X, 3HYYY,/)

DO 10 K = 1,740

FSASIN(K) = 4.0%PI#FOSA(K)*VEL (K)**2

SUMS = 0.0.
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DO 15 M=1,41
M ( )*18+1
MJ = MX18+1
NJ = 0
DO 20 L=MI,MJ
NJ = NJ+1
D(NJ) = F1SA(L)
C(NJ) = FOSA(L)
YYY (NJ) = FSASIN(L)
. XX(NJ) = VEL(L)
20 CONTINUE
VELO(M) = XX(19)
FSAL(M) = C(19)
FSA2(M) = D(L9)
IF (I .EQ.2) GO TO 8
IF (I .EQ.4) GO TO 8
IF (KK .GT. 1) GO TO 8
WRITE (6,9) VELO(M),YYY(6)
FORMAT (10X,E15.8,15X,E15.8)
XINTE(M) = SIMPUN(XX,YYY,19)
IF (VELO(M) .LT. 0.0) XINTE(M) = -XINTE(M)
DSA(M) = XINTE(M) + SUMS
SUMS = DSA(M)
15 CONTINUE
IF (I-2) 2,2,3
2 ACONT = XNDNE (KK) /SUMS
GO TO 16
3 ACONT = XNDHE (KK) /SUMS
16 RETURN
END

#on o

[o JiXe]

E. SUBROUTINE FSAV

C :
C DETERMINATION OF THE TOTAL DISTRIBUTION FUNCTION
C

SUBROUTINE FSAV (VZ,J,VELO,V,MIN,FSAL,FSA2,ACONT,F,KK,I)
ODIMENSION VELO(147), VZ(19) F182(740) FOSZ(740) V(l47),
1FSA1(147) ,FSA2(147) ,F(147)

MIN = 1

DO 10 K=1,41

XA=VELO (K) **2

XB=VZ(J)**2

IF (XA .LT. XB) GO TO 10

MIN = MIN+1

V(MIN) = VELO(K)

FOS2(MIN) = FSA2(K)
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F1S2 (MIN) = FSA2(K) /
F(MIN) = (FOS2(MIN)+F1S2(MIN)*VZ(J)/V(MIN).)*ACONT
10 CONTINUE ’
IF (I .EQ. 2) GO TO 13
IF (I .EQ.4) GO TO 13
IF (KK .GT. 1) GO TO 13
IF (J .GT. 1) GO TO 13
WRITE (6,31) '
31 FORMAT (//17h 1HV, 26X, AHACON 27x 1HF /)
DO 14 N=2,MIN
14 WRITE (6, 32) V(N),ACONT,F(N)
32 FORMAT (10X,E15.8,15X,E15.8, 15X,E15. 8)
13 RETURN
END

F. SUBROUTINE FR

CHANGING TO POLAR COORDINATES

(o NeNe]

SUBROUTINE FR (V,R,VZ,J,MIN)
DIMENSION V(147),VZ(19),R(147)
DO 10 K=2,MIN

10 R(K) = SQRT(V(K)**Z—VZ(J)**Z)
RETURN
END

G. SUBROUTINE DIST

SUBROUTINE DIST (¥,R,GVZ,J,MIN,KK,I,GVZ1)
ODIMENSION FVZ(147).F(147), R(147) XINT(29) GV(29), sz(19>,
1GVZl(19) .

= 3.141592

FVZ(l) =

R(1) =

IF (I .EQ. 2) GO TO 3

IF(I .EO. 4) GO TO 3

IF (KK .GT. 1) GO TO 3

IF (J .GT. 1) GO TO 3

3 DO 10 K=2,MIN
10 FVZ(K) = 2.0%PI*F(K)*R(K)

IF (I .EQ. 2) GO TO 20

IF (I .EQ. 4) GO TO 20

IF (KK .GT. 1) GO TO 20

IF (J .GT. 1) GO TO 20

WRITE (6,1)

1 FORMAT (//22X,2HR ,28X,2HFV,/)
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DO 15 M=1,MIN
15 WRITE(6,21) RQM),FVZGD
21 FORMAT (15X,E15.8,15X,E15.8)
20 GVZ(J) = SIMPUN(R,FVZ,MIN)
GVZ1(J) = GVZ(J)/GVzZ (L)
~RETURN
END -

SUBROUTINE ORTHO

CURVE FITTING BY THE METHOD OF LEAST SQUARES

SUBROUTINE ORTHO (X,Y,N,IDG,COE,SUMSQ, DMAX)
DIMENSION X(40),Y(40), 0(40) P(AO) .
DIMENSION A(10),B(10),C(10),G(10),COE(10), SUMSQ(lO)
NC = IDG + 1
DO 5 I=1,N
P(I) = 0.0
5 Q(I) = 1.0
DO 7 J=1,NC
A(T) = 0.0
B(J) = 0.0
7 ¢(J) = 0.0
F=0.0

DO 12 L=1,N
12w W+Y(L)*Q(L)
C(I) = W/WN
IF (I-NC) 14,20,20
14 E = 0.0
DO 16 L=1,N
16 E = E+X(L)*Q(L)*Q(L)
= E/WN
A(I+1)
= 0.0
DO 17 L=1,N
= (X(L)-E)*Q(L)~F*P (L)
P(L) = Q(L)
Q(L) =

17 W = WHVAY

= W/WN
B(I+2) =
18 WN = W
20 DO 121 L=2,10
COE(L-1) = 0.0

AT AR AR
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121 G(L)
G(1) .
DO 30 J=1,NC

= 0.0

DO 23 L=1,NC
IF (L-2) 23,21,22

21 G(L) = G(L) - A(L)*G(L-1)
GO TO 23

6.0
1.0

o

22 G(L) = G(L) - A(LY*G(L-1)=B(L)*G(L-2)

23 S = S+C(L)*G(L)
COE(10-J) = §
L = NC
DO 25 1J = 2,NC
G(L) = G(L-1)

25 L=L-1

30 G(1) = 0.0
SUMO = 0.0
DMAX = 0.0
DO 35 I=1,N
YC = COE(1)
DO 34 J=2,9

34 YC = YC*X(I)+COE(J)
’ R = ABS(Y(I)-YC)
DMAX = AMAX1(DMAX,R)
35 SUMQ = SUMOHR*R
SUMSQ(IDG) = SUMQ
RETURN
END

« FUNCTION SIMPUN

INTEGRATION BY MODIFIED SIMPSONS RULE

 FUNCTION SIMPUN (X,Y,L)
- DIMENSION X(52),Y(52)
4 M = L-1
= (X(2)-X(1))/6. *(Y(l)*<(X(2) =X(3))/ (X(1)-X(3))+2.)+Y(2)*

1((X(1) X(3))/X(2)=X(3))+2.) =Y (3)*(X(2)-X(1)) #*2/ ({X(1)-X(3))*
2(X(2)-X(3))))
DO 1 K=2,M
IF (ABS (X(K+1)=X(1))=ABS (X(K)-X(1))) 3,1,1

3 WRITE (6,2) K,X(K)

2 FORMAT (23HONON MONOTONE X SIMPUN  I4,1PE12.4)

10S=S+ (X (K+1)=X(K) ) /6. * (Y (K} * ( (X(K+1) =X (K~1)) / (X(K) =X (K=1))+2.)
1Y (K1) * (XK =X (K=1)) / (X (KAL) =X (K=1) ) +2. ) =Y (K~1) % (X (K+1) =X (1))
2%%2 / ((X(K)=X(K~1))* (X(K+1)=X(K~1))))

oy




6 SIMPUN = §
RETURN
END

43
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At this point, it is necessary that an eiplanation be'given
for the manner in which one should enter data and alter the "control"
statements in the progfam so that it ﬁiéﬁt bé used to obtain dis-
tribution functions for cases 6thér than those considered by the
author. As it stands, the program is AQité fle%ible and can be
easily revised to suit such a need.

If you will note, tﬁere'are certain statements in the pro-
gram listing which are marked by arrows in the margin. These state-
ments are the ones which control the basic operation of the pro-
gram. The first is a loop in terms of I. The program is set up
such that for I=1 all output will be in terms of the positive
(cathode to anode) v; axis and headingé will be labeled as neon.

For I=2 all output will be in terms of the negative (anode to cat-
hode) v, axis. Likewise for I=3 and I=4 with the exception that
headings will be 1abeied as helium. The loop can be run indepen-
dently for I values that are odd, but even I value; must be run

with their odd mate. And no value of I greater'than 4 1s acceptable.
Thus, it is seen that two separate gas cases constitute the design
limits of the program. Of course, any gas can be uéed in the pro-
gram, but it should be kept in mind that all headings are in terms
of neon and helium (this can be easily remedied). The second loop
is in terms of KK. This parameter Is nothing else than the number
of separate conditions under which each gas is to be subjected.

The program will not handle more than 16 such conditions. The final

loops are in terms of J and NIN. These parameters are to control
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,//

the number of v, values to be considered in the calculationé. The
program will handle no more than 19 vélﬁeé for J and NIN.

| With regard to the inputvdata fhéré ére é féw points of im-
portance to coansider. For each gas to be programmed there are two
separate sets of data required. Thé firét ;ét consists of e#peri—
mentél conditions for heading purposes and variéble célculations.
It should be entered.in 5F10.5 format. That is, 5 data points per
data card in F10.5 fields. The data to be entered is the selected
v, valueg in terms of energy (square root of electron volts), the
radial location of the probe in the tube; the longitudinal distance
of the probe from the cathode, the electron number density of the
first gaé, the'eiectron number density of the second gas, the pres-
sure of gases one and two respectively, and the discharge éurrent
for both gages. These inputs should be in the order above and all
values of one should be input before another 1s begun. There can
be no more than 19 values for vz nor more than 16 values for the
other conditions. These conditions, however, must have a corres-
ponding number of values. As can be seen, the number of v, values
determines the par&meters J and NIN while the experimental condi-
tions determine the parameter KK. It should be noted that the in-
put values used in the program as it is listed come directly from
the experimental conditions of Referencek2. The second set of
data required are the coordinates from the ¢ versus velocity curves

for each gas. These are input in 2F10.8 format. That is, two

values per card in F10.8 fields. The values on each card are




46

a corresponding abcissa and ordinate value.

For "'run"

time purposes, the proéfém reduires~approkimately
two minutes to compile and 0:03 minﬁtéé pei J Qalﬁé on the IBM
System/360.computer.

With the aforementioned inforﬁéti&n; oﬁe who has a basic

knowledge of computer progrémming should be able to use this pro-

gram effectively.




e
S Al it

APPENDIX B

It is of major importancé that the DIREDIST program and maetho=
dology not be erroneous in any ﬁénner; Thﬁs; a check on its credi-
bilty was made. |

In the theory of Refefente 2 the rélétioﬁship

g(v) = Jmh {1 - ers(n?v,?) ) (3.1)

23]
A

was derived for the case of a Druyvesteyn (o constant) distribution,
where fo'is considered the only term of f siénificant. Using this
equatiqn, the DIREDIST program reliabilty can be checked. By zero-
ing the fl values of the program and inputing an arbitrary constant
O, g(vz) values should be obtained similar to those predicted by .
equation (B.1l). This was done and the results are compared in
Table III. It is seen that DIREDIST‘calculates accurately g(vz)
values. In fact, the accuracy is quite astonishing considering the
iterative and numerical processes incorporated in DIREIDST.

In addition, in order to demonstrate that variation of the
o parameter is accounted for correctly by DIREDIST, the g(v,)

curves for a Druyvesteyn case, a neon-like o, and a helium-like ¢

were calculated for an arbitrary gas. All these cases were 'run"

for the same electron density and mean velocity. The results are
given by Figure 15. As expected, for the case of o (or mean free
path) increasing with energy (neon) the number of high energy

electrons is above that found for constant ¢ and for the case of

47
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//’
. ' -9 - =9
z-directed g(v ) x 10 -g(vz) x 10

velocity as defermined by as determined by.
(x 10-6) DIREDIST eqn. (B.1)

. 0.000 ' 1.749 1.749

: 0.297 1.699 1.699

‘ 0.445 1.637 : 1.637
0.593 1.551 1.551
0.741 1.442 1.442
1.038 1.162. ‘ 1.161
1.186 0.999 . 0.998
1.334 0.830 0.827

1 1.483 0.661 0.657

5 - 1.631 0.502 : 0.496

‘N 1.779 0.359 - 0.353

i ! 1.975 ©0.205 ) 0.203

¢ - 2,177 : 0.099 0.098

¥ 2.372 0.040 ’ 0.040

P 2.610 - 0,010 x 0.010

: 2.847 0.002 + 0.002

: 3.084 ~ 0,000 . 0.000,

. 3.410 0.000 ' 0.000

5 3.855 0.000 0.000

. Druyvesteyn g(vz) Values

Table III

e g ST SRR —
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o decreasing with energy (helium) the oppoéite'is true.

These two checks made én DIREDIST ére a substantial proof of
its credibility. And since the écéﬁfaéy af thé proérém is as ex-
cellent as Table III indicates, the méﬁhodéloé& inéorpoiated in

the program must be valid.




"APPENDIX C

For the purpose of calculating the distribution functiomns, it
is assumed that there exists a strong electric fleld such that

o2r2M 5> xT- .
3m vl

In the case of helium, upon substitﬁtion of values for the
vairables, the inequality becomes
7255> 1 .
For neon, again upon substitution for the variables; the in-~
equalit& becomes
3620>; 1 .
' Thhs, thevcondition of a strong field 1s seen to be valid for
gither gas and the kT term can be coﬁsidered neglgible with fespect

to the e2E2M term.-
3m2v12
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Interaction of 5O'I.‘i with Protons and Neutrons

Extended Progress Report

V.P.I. Project 313246

Principal Investigator: R. J. Onega
Physics Department



INTRODUCTION

The interaction of protons and neutrons withiSOTi produces gamma
rays, In the case of proton interactions with 5OTi, both the proton

capture process

P + SOTi > SlV + ¥

as well as the inelastic scattering process

P o+ 013 » Oy 4 Pt o4y

occurs. The type of proton interaction with titanium depends upon the
incoming proton energy. At some particular proton energies, resonances may
be observed. These resonances arise due to energy level structures of the

*
1V) « This nucleus subsequently decays and

compound nucleus formed (5

protons and/or gamma rays are emitted, leaving 51V in the ground state,
. . 50,.. 51, ...\% .

When neutrons interact with “ Ti, the (""Ti) compound nucleus is

formed.

%
n + 50Ti -> (SlTi) > 51Ti + ¥y

\

8

N

51V + Y .

The compound nucleus immediately de-excites by releasing prompt gamma
rays. The SlTi, now in the ground state, beta decays into Slv with a
half life of 5,80 minutes. 1In this‘beta decay process gamma rays.are
also emitted.

The gamma ray environment in a space vehicle with some components
containing 5OTi will primarily be determined by the proton interaction

(1

with the titanium since the primary cosmic rays are mainly protons .



Secondary neutrons are produced by the interaction of the protons with
matter. These neutrons undergo elastic and inelastic collisions and
are then captured.
. , . . . 50,,,
This report contains information on the neutron activation of Ti as
well as the proton interaction with titanium, The neutron activation has

(2)

most recently been studied by Robinson et al. in 1963, There were

three gamma rays which followed the beta decay of SlTi into SlV. The

51Ti was formed by the neutron activation of 5O'I.‘

i, Three gamma rays
were found with energies of 0,319, 0.613 and 0,934 MeV, The relative
intensities of these gamma rays are 100, 1.6 and 5.8 respectively.
Prompt gammas are associated with this neutron capture process but were
not investiga£edq

The 50:1(?,P‘y) reaction was studied by Gray et al.(3), They
studied this reaction at iﬁcoming proton energies of 18‘2 MeV and 11,5 MeV,
Most of their work was concerned with the outgoing elastically scattered
protons, however, rather than the gamma rays, Most of the gamma rays

emitted are in the low MeV region (< 3 MeV). The 5OTi(P,Pty) reaction

%)

was studied at an energy of 7 MeV by Belote et al,

Proton fluxes ranging from lO3 eV to 200 MeV have been investigatedcs)
in the magnetic field of the earth. These particles are also trapped in
the magnetic field of Jupiter as well as the earth, Secondary particles

originate when the protons interact with the nitrogen and oxygen in

the earth's atmosphere or with other material.

The Capture of Neutrons by 5OTi.

Since neutrons may be a constant environment in space due to various
types of reactions of protons with material producing neutrons, a study of

the capture of the neutrons by 5OTi was undertaken.



The SOTi sample was inserted into the VPIL reactor by means of a

pneumatic transfer system., The transit time from the reactor to the
counting facilities was about 5 seconds. The gamma ray spectrum due
to the beta decay of SlTi was then investigated by means of a 4 cm3
Ge(Li) detector as well as a NaI(Tl) crystal. Figure 1 is the gamma
ray spectrum from the Ge(Li) detector. Only three gamma rays are
observable, the 0,320, 0.613 and 0,933 MeV. The decay is such.tﬁat
the 0.320 and the 0.613 were in coincidence adding to give 0,933 MeV,
There was, in addition, the cross 6ver transition of 0.933 MeV,
Relative intensity measurements were performed and our results

(2)

as well as those obtained by Robinson et al, are compared in Table
I. The detector used in the investigation of the relative intensities
was a 3" x 3" Nal detector in a lead shield to reduce background to a

minimum.

Table I
. ‘s 51,..
Relative Intensities of ~ Ti Gamma Rays
Energy (MeV) ' Relative Intengity Relative Intensity

(_Robinson)2 (This Work)
0.320 100 100
0.613 1.6 + 0.2 3.75 + 0.4
0.933 5.8+ 0.6 8,8 + 0.8

The absorption cross section of 5OTi for neutrons of 0.025 eV was
(6) L 50,..
0.14b . The secondary neutrons impinging on ~ Ti could thus be a
significant source of radiation due to the gamma rays following their

capture.



Proton 5OTi Interactions

The V.P,L. Van ae Graaff accelerator has an energy range of 4 MeV,
A titanium-50 target on a bismuth backing was placed in the beam tube of
the accelerator. The proton beam was allowed to impinge on the target
and the gamma rays were detected as function of energy. Since the y rays
could be attenuated by going through the bismuth backing, the NaI(T1l)
detector was placed at a forward angle of about 45° with respect to the
bean.

The gamma ray energy spectrum was taken with the proton beam at
1.5 MeV, 2.25 MeV and 3.0 MeV. The bismuth backing was then rotated
180° in the scattering chamber of the Van de Graaff accelerator and the
background gamma ray spectrum was taken at these same three proton
energies, Figure 2 shows the difference gamma ray spectrum for the 1.5
MeV incoming proton beam case, The gamma ray energy séectrum reached
about 8.5 MeV for the 1.5 MeV incoming proton beam energy and about 10 MeV
Y ray energy fér the 3 MeV incoming proton energy.

Figure 2 indicates there was some structure in the gamma ray
spectrum. This structure was due to the fact that as the (51Ti)* nucleus
de-excited, gamma rays were emitted which were characterized by the

difference of two nuclear energy levels.
"~ CONCLUSIONS

The prompt gamma rays that were emitted following proton capture
would present a very real hazard to people in capsules composed of titanium
if the proton flux were significant, The same energy gamma rays would
also be expected from the capture of neutrons. The energies of the gamma

rays following the beta decay of the radioactive nuclei were always



much less in energy than the prompt gamma rays.

The dose rate was proportional to the energy of the gamma rays.
This means that high energy gamma rays which were absorbed by a person
are more damaging than low energy gamma rays. There were, however,
other factors to be considered., The higher energy gamma ray had

less probability of being absorbed. Foster and Wright(7)

show that

the absorption coefficient for gamma rays in tissue reached a peak at

about 0.6 MeV and then decreased on up to beyond 10 MeV. So low

energy (~ 1 MeV) gamma rays do not cause as much biological damage but

there absorption probability was greater than higher energy gamma rays,
The experiment indicates that it would be the prompt gamma rays

which would be troublesome for space travel, They arise from both the

(P,y) and (n,y) reactions on titanium.
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ABSTPACT

Strengthening of glass by introducing a second immiscible
phase was investigated using a portion of the ternarv system Si02,
Li

0, and Ti0 The major portion of the vork was confined to com-

2 2°
positions taken along the 70 weisht percent SiOZ isopleth. Modulus

of rupture (bending) and elasticity data indicate that strengthening
increases as the Tio2 content is increased beginning with composition
"C" (a miscible glass), which yielded an average modulus of rupture
strength of 20,900 psi. A marked increase was recorded as compositions
vere formed inside the immiscibility region and continued until a
maximum of 34,600 psi was attained vith a Ti0, content of approxi-
mately 15 weight percent. At this point, nuéleation éould no 1ongér'
be controlled and crystallization becéme predominant when 20 weight
percent Ti0, was used. The modulus of rupture (bending) of this

crystallized composition decreased rapidly, yielding an average

strength of 26,800 psi.
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I. INTRODUCTION

Ternary silica-rich glasses are extremely attractive for
structural applications in the industrial community and particularly
the aerospace industry. The silica-rich compositions have very lov

7per °C) and outstanding

thermal expansion (approximately 6.7 x 10~
thermal shock resistance coﬁpared with other slass compositions. Other
attributes are their potential hich strength-to-weight ratio, high

softening temperature, and excellent resistance to chemical attack.

The major shortcoming of silica-rich glasses is their
brittleness. In contrast to most metals, the surface condition of
glass is very critical. Any type of rupture (scratch) on the surface
of a glass will act as a stress riser and potential site for fracture

initiation.,

Humerous investigations have been conducted and others are
now in progress to find ways to increase the strength of glass by de-
signing an abrasive resistant surface. Another approach to this
problem is to prevent propagation of fraéture throughout a bulk glass
body by incorporating a second phase such as that of imbedding fibers
in a glass matrix. This approach has met with linited success, because
of the difficulty of producing strong bonds between the phases and
moreover, it only changes the propagation direction to that of the

direction of the long dimension of the fibvers.



lethods of strengthening glass-crystal cormposites have been a
controversial subject since the discovery of finely dispersed nicro-
crystalline bodies in a glass matrix. The technique of embedding
particles of higher expansion into a matrix of lower expansion, which
puts the glass in corpression, has been used for most of the previous
investigations. In contrast to this, is that of imniscibility strength-
ening which consists of dispersing a liquid phase within a liquid phase.
The dispersed phase is in the form of spherical liquid droplets that
are expected to'effectively act as a void in the matrix to supress crack
front propagation. A model was proposed by.Otherg, Golob and Hollabaugh3
vhich relates very closely to this type of experimental approach. There-

fore, the following two approaches were considered for this study.

One consisted of nixing two glass compositions together in the
molten state vhich, in most cases, would eventually form a homogeneous
class. However, if the tuo were not well mixed, they would retain regions
of different compositions upon cooling. If the kinetics of crystalliza-
tion are considerably different, or if a cléssical nucleating agent such
as TiO2 is incorporated into one of the glasses, it then becomes possible
to selectively form a fine microcrystalline phase dispersed in that of
the other phase, which then becomes a plass-ceramic composite. Thus,
strengthening results when crystalline grains of high strength and modulus

of elasticity are introduced into a glass of similar or slightly lower

thermal expansion.




The other approach vhich was used in this study was to take
advantage of the liquid immiscibility region of the Sioz—rich system
containing Lizo and Tioz. A series of compositions were selected for
investigation at points inside, outside and on the boundary line itself
of the immiscible region. The silica content was held constant while
the ratio of Lizo to TiO2 was varied. This silica-rich region was
selected because the system vould not yield a clear glass when more than
approximately 5 to 10 percent TiO2 was dissolved in the melt. The solu-
bility of Tioz,decreased rapidly as the LiZO was decreased and the SiO2
increased. llucleation could not be controlled in cowpositions containing

less than 70 percent SiO, and larger percents of TiOz, since crystalliza-

2
tion resuited immediately upon cooling the nelt. Although both approaches
were pursued originally, it becomes increasingly evident that the immisi-
bility approach held the most promise, because it eliminated such

variables as determining the degree of mixing of the separate ;lass phases

and more important, the complexity of processing test samples vas

considerably reduced.



II. RELATED LITERATURE

Some of the earliest work related to microcrystalline bodies
dispersed in a glassy phase was reported by Stookey1 in 1957. Iis piloneer
work in the field has since stimulated nany investigcations on nucleation
in glass, such as that of lMaurer, Vosel, Gerth, and Chlberp. INin and
uummel2 compiled considerable data on new ternary compounds, liquid immis—
cibility, and compatibility triangles as a result of their work on the
phase equilibrium relations of the systen LiZO—TiOZ-SiOZ. They reported
that the licuid immiscibility originating in the binary system SiOz—TiO2
e xtends over a substantial portion of the ternary system. This led to the
construction of a diagram outlining the two-liquid immiscibility regioﬁ
of the system.. It vas further reported that all cormpositions selected
in the two-liquid region were observed to be translucient, milky or opti-

cally dense and opaque, due to phase separation which in most cases could

only be identified with the aid of an electron microscope,

Some of the first studies of fracture surfaces of glass related
to supression of crack front propagation by liquid-in-liquid colloidal
inmiscibility was reported by Ohlberg, Golob, and ii’ollabaugh.3 With the
use of an electron microscope, they observed tail-like structures ema-
nating from the dispersed phase to be related to the crack front
propagation. From this, they desicned a model illustrating propagation
of the front in an immiscible system. When the front reaches one of the
dispersed droplets, that droplet acts as a void and splits the original
crack front into two new crack fronts. As the two fronts approach each

other after goinz around the droplets, they are in different planes and



must curve toward each other in order to recombine. The tail effect,
previously described, is a result of the nonplanaritv of the two fronts
vhen they recombine. The tail effect should not be interpreted as a con-
tinuation and neither as a crack in the immiscible phase; however, it is

a measure of a difference in level on the fracture surface.

i‘acDowell and Beall4 studied metastable glass~in-glass separation
in the A1203-Si02 system, using electron microscope and x-ray diffraction
techniques., Thev reported the follovring:

1. Phése separation is the essential cause of

nucleation of the dispersed phase.

2. The tendency to ward crystallization of the o
dispersed liquid vhase increased wsith (a) increasing
A1203 concentrations in the melts, and (b) decreasing

cooling rate.

3. Crystallization on cooling and emulsion formation
yere both reduced or inhibited in intermediate and
high~alumina compositions bv the addition of
modifying oxides (alkaline earth's).

Some of the latest work on strengthening of glass-crystal composites
was reported by Tummala5 and Friedberg taken from their investigation on
glass—2r02 corposites. They discussed the two schools of thouziht as to the
effect of crvstals on the strensth of these corposites. One method -7as
that of embedding crvstalline particles of hicher expansion in a continuous
class matrix of lover éxpansion vhich vould put the glass in compression

and increase its strencth. This has come to be hnom as the prestress



theory. The other theory states that when crystalline grains of hich
strength and elasticity are introduced into a 2lass of similar expansion,
the strength and modulus of elasticitv are increased. The objective of
theilr investization was to determine howv the shape of dispersed particles
influenced strencth. Their findings supported the nrestress theory hen
rounded particles were used in the composites rthich indicated that there

is a substantial effect of zrain shape on strength.



A.

I1I. MATERIALS AND APPAPATUS

Chemlcals and composition preparation:

All compositions in the Li, 0 ° Ti0

9 2° Si()2 system vere prepared from

carbonates and oxides of the various components.

Basic composition materials -

1.Lithium carbonate, Li,CO., manufacturing grade, Foote Chermical Company,

2773
I‘I'""o 730 89 .

2. Titanium oxide, TiOz, high grade, Tam }ineral Company, 1%.'W. 72.90.
3. Potter's Flint, SiOz, cormercial grade, Pennsylvania Glass Sand

Company 9 2’1.‘-;0 60 .06 .

Batch mate?ials were weighed to an accuracy of 0.5 grams in batch
sizes of 500 grams. !iixing of the materials was accomplished by a
"y''—ghell blender with a standard mixing time set at two hours’ for
each batch. After mixing was completed, each composition was placed

in a fire clay crucible and prepared for melting.

Processing Apparatus:

1. Yelting of the batch compositions was accomplished by the
use of a large Glo-bar furnace (Box-type) which was capable
of operating at temperatures up to 1425°C. lfelting temperatures
were standardized at 1315°C fér all compositions.

2. A small annealing furnace was used to heat the graphite mold
for casting the glass rods. The mold temperature for casting

was standardized at 400°C for all compositions.



c.

3. A graphite mold was constructed to facilitate casting of
rod type specirens. S5ix casting cavities were incorporated
in the mold with the followine approximate dimensions:

cavity diameter, 0.5 inches, length 5.0 inches.

Testing Apparatus:

Yodulus of rurture {(bending) and elasticity data was accumulated by
testing the glass rods horizontally using the three point loading
technique. The apparatus used was a Tinius Olsen tension testing
machine adagted with a three-point loading fixture. A dial gause was

attached to the loading fixture to measure the deflection of the rod.

Data Prbceésing:
1. Hodulus of rupture (bending)

All modulus of rupture data were acquired using the following

procedure:

a) Ten diameter measurements vere taken on each rod in a
systematic manner and averaged to get a representative
diameter.,

b) Distance between knife edges on test fixture was 3 inches.

¢) The nodulus of rupture was then calculated for each specimen
using the formula:

MR = ¥C = 8 PL

T wd3

d) Tinally, the data of the 10 snecimens were averaged to give

the renresentative modulus of rupture data recorded in Talle IT.



ifodulus of Elasticity
All modulus of elasticity data were acquired using the following
procedure:
a) Flexure readings were taken at each 100 pound interval as the
load was applied during testing.
b) Data of approximately four rods were selected to represent each
composition, and the modulus of elasticity was calculated at
each 102 pound interval for that rod. The elasticity intervals
were averaged and finally a erand average was calculated for
the total composition using the average elasticity of each of
the.individual rods.
c) It shouid be noted that an average rod diameter was used to
conpute the modulus of elasticity that represents each composition.
d) The modulus of elasticity was calculated using the following
formula: . _4
3

T4, Vpax

where Vpax represents maxinum deflection of the rod.
e) The grand average that represents each composition is reported

in Table II.



A.

IV. RESULTS AND DISCUSSIC

Composition "C",6 70 SiOz- 25 LiZO 5 Tioz (Table I)
This composition was selected first, because it existed well outside
of the irmiscibility boundary. It was exnected to yileld a clear

niscible glass which could be used to establish a control standard.

Its position on the ternary diagram is illustrated in Graph I.

The raw batch was melted at a temperature of 1315°C, and held there for
one hour to insure fining of the melt after which 10 rods were cast in
order to obtain a representative sample. odulus of rupture (bending)
and elasticity data based on the averaze of the sample is reported in
Table II, It should be noted that this composition yielded a clear
glass és expected, and the modulus of rupture strength averaged 20,900
psi which was within the parameters of that of a typical silica-rich

miscible glass.

Composition "G", 70 510, 20 Li,0 - 10 TiO, (Table I)

This composition was second in the SiO2 isopleth sequence series. Upon
observing the 10 rods cast from this rnelt, it was ouvious that there
wvas sone deviation from a transparent médium. Althoush it was still
very transparent, a faint amber cloudiness tras observed. This compo-
sition aprneared to be very close to the irmiscibility boundary line,

if not directly on it, which is illustrated in Graph I. I‘odulus of
rupture data reported in Table II shoved a 50 percent increase over
that of composition "C'", indicating that some immiscibility was present.

This is also reinforced by the observed arber color vwhich indicated that

some nuclei vere nresent in one of the imuiscible phases.

- 10 -
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Composition "E", 70 Sioz' 15 Li2

This composition is positioned well within the immiscibility region

0 + 15 TiC, (Table )

and has shown more promise than anv of the other compositions in the
series. It exhibited the highest modulus of rupture strength (ave.
34,600 psi) with one individual rod as high 69,000 psi) and elasticity
data of all the compositions investicated, even those with large TiO2
concentrations. llost of the samples revealed a deep amber appearance
vhich indicated that a consideradble amount of nuclei had formed in one
of the immiscible phases. This appearance correlates well with the
theory that nucleiation present in one of the phases promotes strength-

ening of the composite.

Composition "F", 70 5§10, 13 Li,

In contrast to all the others, this composition was the first to show

0 + 17 Ti0, (Table I)

a high degree of crystallization and separation of the two phases
causing it to be opalescent and opacue in abpearance. 2trength data
decreased significantly for this composition which indicates that too
much crystallization of one of the phases is detrimental to the pre-
stress mechanism of strengthening glass~ceramic composites.
Composition "F-2", 70 §10,° 10 Li,0 - 20 TiO,

Another variation of composition ''F" containing 3 percent more Ti9,
wvas investicated. It vas very difficult to cast rods fron this compo-
sition because the reaction of 3102 in dissolving the Ti02 into the

melt was very slurzish., Turtherrore, vhen a fer rods wvere finally cast,

crystallization was extremely difficult to control.



TABLE I. TERIARY COVPOSITIONS

S10 Li,0 Ti0

. 2 2 2
Composition ~ Wt. % Ut % Ve, %

c 70 25 5

E - 70 15 15

¥ 70 13 17

G 70 29 10

TABLE II. PPOPERTIES VS COMPOSITIONS

Casting Temp. liold Temp. Mod. of Rup., Mod. of Elas.

Corposition °C °C psi psi Apnvear
c 1315 400 20964 3.01 x 19°  Clear
E 1315 400 | 34665 4 x 10° Anber
T 1315 409 29771 3.97 x 106 Opalescent
G 1315 400 26056 2.89 x 10° Lt. Amber
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V. SUMMARY

Glass formation and crystallization correlated with modulus of

rupture (bending) data were determined for several compositions along the

70 percent SiO

1,

2 isopleth. The following conclusions were made:

The immiscibility boundary line was confirmed
at a point on the ternary diacram near composition
"G" which is reported in Table I.

- The .observed amber color is probablyv an indication that

nuclei are being formed as a result of phase separation.

The classical mechanism of nucleation and prowth appears to
be operative during two nhase separation in the 70 percent
§}02 isopleth along the region of 10 to 20 percent T:LO2 con-
centrations. Any further increase in Ti02 concentration

promotes uncontrolled crystallization.

Strengthening of the glass~ceramic composite reaches a
maximum at a point on or near composition "E" as compositions
are investipated, starting at composition "'C" from the left

and noving through "E" to that of "F'.
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VIL. ANTICIPATED FUTURE YJORK

Further study on these immiscib.il~ systems is necessary in order
to characterize certain behavior of their properties. Some of the areas

to be investigated are as follous:

1. Other compositions along the 70 percent 8102 isopleth
should be investigated, especially those near composition
“"E" to determine the exact one that produces optimum
strength.

2. Heat treating studies should be conducted to determine the
gffect of temperature on the strength of the various
compositions,

3. Electron micrographs should be prepared to study fracture
characteristics supported by electron probe analysis to

give the distribution of Ti and Si,

- 16 -
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Introduction

Work on the meteoroid cut-off is nearly complete. The main processes
which affect cut-off have been investigated and only a couple of other
processes remain to be looked into, primarily to present a complete picture.

Figure 1 prese?ti the Explorer and Pegasus penetration data along with

1

a best-fit parabola to this data. The parabola was required because

the slopes defined by the Explorer and Pegasus data on log-log scales are

different and there is no way to fit the data with a straight line. The

. -6
parabola indicates that the maximum penetration flux is about 7 x 10
-2 -1
m sec . Some supporting data for the existence of a maximum flux is
(2)

also shown in the Figure. The data came from the Ariel II satellite
which has exposed the thinnest thicknesses thus far to the meteoroid
environment. It is evident that the supposition of a maximum flux (and
a minimum sized particle) has been somewhat strengthened by the Ariel IT
penetration data.

The following section presents descriptions of the processes
considered thus far and also the two processes which still remain to be
examined. The last section presents tentative conclusions reached thus
far and the relationship of the present study with the hazard which

meteoroids pose to manned spacecraft.




A. Physical Processes Responsible for Cut-Off

go]
3
1

ae R~ P N - T .
oynting-Robertson Lffect;

b

One of the most striking effects from the viewpoint of cosmology
precicted by the special theory of relativity is the Poynting-Robertson
Effect. A particle in motion around the sun will experience pressure from
‘the sun's radiation not only in the radial direction but also tangentially
against the particle's motion. This "tangential drag" will cause the
particle to lose angular momentum and to eventually spiral into the sun.
Using the development given by Robertson(g), we can sketch the derivation
of this effect, with the expressed interest of getting a typical particle's
lifetime in the solar system.

Consider.a small, spherical particle of radius a, density p, moving
with a unit four-velocity u! in the system S, in which the sun is instan-
taneously at vest. In S, the sun's radiation falling on the particle can
be considered to be a plane-parallel wave with the incident direction
defined by the null four-vector . Thebenergy—momentum—stress tensor

can be written as
(a4.1) s¥V = a(eteY)

where d is the energy density of the radiation.
Upon going to the proper frame of the particle, P, the four-velocity

of the particle and the direction of the incident radiation are given by
(5£.2) Wzt A% =% (a=1, 2, 8)

respectively. We assume that the particle is in thermodynamic equilibrium;



that 1s, the rate at which the radiation is absorbed is equal to the rate
at which the particle isotropically re-emits radiation. This means that

mass is invariant in P, or

dmvO
(A.3) i 3 = 0
. T

where T is the proper time. Let us denote the radiation pressure by
(A.4) % = o8

where ¢ is a purposely ambiguous cross-section and § is the energy density
. s . . . . . a
of the radiation in the system P, This force acts in the direction v .

Therefore,

dmv_ _ W& ¢ .a
dTt o

(&.5)

Putting (3).and (5) together, we have

U .
dmu fw u U
fa ——— T e —
(2.7) 5T - (2 wu' )

where w = zau“ = AO, § = w2d, and £ = od which is the force which the

»

particle would experience if it were at rest in the sun's system. The

proper time is t.



ST

We now take the low velocity approximation,

2 a
(A.8) ve = dx n® = A
: dt ° c
This implies,
dva Vn a va
A.S m—— = (1 - —)n - f —
(£.9) at £( c) c
where v_ =V + 1 . The first term is now the force due to radiation

il

weakened by a Doppler factor. The second term is the so-called "tangential
drag" although a drag arises from both the first and second ferms of
equation'(g)..

Let S be the solar constant (radiation falling on a square centimeter

normal to the sun's rays at the mean distance b of the earth). This implies

that
( o _ gp? _ moc _asp? 2.5 x 0%t
A.10) d = '——'-5 ; £ = "‘-'2‘ 5 o = 5" 2
P
cYy r me

Now let us write equation (8) in polar coordinates (r,8) for a particle in

the plane of the eclptic,

.
L

*2 -y 20r 14 2.y _ ob
(A.ll) $ - ré --—*i*——-é‘, rdt(l”@)»" -
r T
where p = uo - oc uo = GM. From fhe second equation of (11) we find that

the angular momentum per unit mass decreases according to

(A.12) r2h = b - b




-5 =

The First equation of (11) can be put into the form of an inhomogeneous

Bessel's equation via the transformations

- h R oy s e A
(A.13) 6=—--0¢ 3 T=u=w
o
Equation (A.1l1l) then becomes
%z 1 az 1, 1
“(A.14) ~§+383+@—~?z=-?
dé ¢ ¢

and Equation (A.12) is now
N 2
(A.15) ¢ + u‘ap =0

The asymptotic expansion of the solution of (A.14) for ¢ >> 1 is

(A.18) ¢z AV N . A + .

2 2 sl 2n
o

1 { g N (-1)%2%"n1(n + 1)1
) -9

Upon expressing ¢z in terms of r, we find

(A4.17) r=af Tt e L)

which in turn implies that (A.15) becomes

5 a

(A.18) 20dt + r(1 + §%;—+ . . . )dr =0
Integrating this we find that
(PQ - ri) Lo,
¢} 5 e — -
(£.19) t ™ + ” (r rl) + .

= 7.0 x 106(R2 - Ri)(ap)

+ 5.0 % 10’”(

5

R - Rl)(l.Sl x~105ap - 7.53)

1
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where t is in years, R and R, in AU, and u » 0, R > R Equation (A.19)

1 1’

holds as long as X2 < ,99. TFor values of ap small enough for this inequality
to be violated, thz radius is of the order of 10_5 c¢m., which is comparable
to the wavelength of radiation which the sun emits. Thus the cross section,
o, of the particle is subject to quantum mechanical effects. When the
padiation pressure overcomes the gravitational pull of the sun the radius of
the particle must be < lO-5 cm. in order for the particle to be blown out
of the solar system.

As a simple numerical example, consider an asteroidal particle of radius
5.0 x 10~2 cm. , density 3.5 gm/cc, lying in a circular orbit in the midst of
the asteroid belt, n 3.0 AU. The time itwfékes for this particle to fall
into the sun2-assuming that it doesn't boil completely away, is n lC7 years,

which is comparatively short relative to the lifetime of the solar system.



B. Comminution Process.

The comminution or grinding process examined was originally investigated

(5,§a7? The main ideas and

. b .
by P;otrowsky( ) and more recently by Dohnanyi
equations of the comminution process are described below. The formulation

described is the one presented by Dohnanyl in the three references quoted

‘above.

Consider the collision of two bbjects of mass Ml and M2 where Ml < MQ.

The velocity of collision is assumed to be several kilometers per second.
Only two situations will occur:

1) Ml will create a crater in M, and destroy itself

2
2) Ml will completely destroy M2 and itself. This will be referred

to as a catastrophic collision.
For the first case it was assumed that the total mass, Me’ of the debris

is given by

(B.1) M =TH T = 5v2

where v is the velocity of impact and is measured in km/sec. The expression

(8)

for T is a rough fit to experimental data for basalt targets. The mass

range of M, which can be catastrophically disrupted by Ml is given by

2
(B.2) M2 éI”Mi
where
(B.3) It 2 507

7)

according to Dohnanyi(



The ejecta produced during collision and catastrophic events will

have a certain mass distribution, and on the average, it is taken as

(B.4) g(msM, M, )dm = (¥ w2>m““dm

l, LAlal

where g(m;M Mz)dm is the number of fragments of mass between m and m + dm

l)

produced by the collision of Ml with M2. The mass of the biggest fragment,

Mb’ is assumed to be
(B.5) | M, =AM

where A ‘1s approximately given by

(B.6) A =T/10
from experimental evidencega) For collisions which M2 survives, it must
be that
. Mb o
(B.7) M, = J Ag(m;Ml,MQ)dm
u

where 1 is the mass of the smallest fragment produced by the collision.

Evaluating (B.7) given

M, >T'™

n-1
v 2 1

_ n=2
(B.8) C(Ml,Mz) = (2 - n)A My

and for catastrophic collisions, the integration yields

] — _ n-2 : n~-2 [RY
(B.9) C(Ml,MQ) = (2 -n)A (Ml + MQ)Ml M, &T ml

The differential equation of the collision process is next set up. It

is given by



3 f(m,t) _ F(m,t) 3 £(m,t)
T dm = x dm Ul dm
Erosion ‘ Catastrophic + collisions
3 f(m,t) -
3t dm

Creation by
Fragmentation

where f(m,t)dm'is the number of particles per volume in the mass range dm.

.(6)

The various terms were evaluated by Dohnanyi who attempted to find a

IRYA

"steady state“.equation for the process. In a later paper he shows that

if the number density function f(m,t) is given by the equation
(B.11) . f(m,t)dm = Am dm

where A is a function of time and o is a consfant at time t, then the
distribution is unstable for o > 11/6 and will decay to a lower value of
o over a sufficiently long time. He considers the problem of comet fragments
colliding Qith asteroids and asteroid fragments and céncludes that such .
process would produce a meteoroid enviromment characterized byvdifferent
values of o (see Eq. B.1l1).

Also in his latest paper, Dohnanyi(7) states that collision processes
are more efficient than radiation damping in producing very small particles.
Small particles are prpduced by radiation damping since the Poynting-Robertson

effect drives small particles close enough to the sun to cause them to




evaporate to the point where they're small enough to be blown out of the
solar system by radiation pressure. Thus what he envisions are particles
colliding with one another frequently enough so that the particles blown

out of the solar system are small as a result of collision and not because

they evaporated near the sun.
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C. Solar Intcraction and Dynamical Effects.

The solar interactions which will be considered are charged meteoroid
interactions with the sun's time-varying magnetic field and also with
the soler wind. There is a possibility that electromagnetic effects such
as this are important in detefmining the existence of a minimum sized
meteoroid. The reason of course is the very high strength of the Lorentz
force,

Dynamical effects must be considered since they will hopefully serve
as an upper limit on times which are important in the solar system. If
a particle cannot survive a certain time in the solar system due to dynamical
perturbations of its orbit, then there is little use in considering effects

which take a longer time to destroy the particle.
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Conclusions

'

The tentative conclusions arrived at thus far are the following:
1) Particle collision predominate as a means of producing

very small pafticles. The Poynting-Robertson tangential drag has

profound physical implications but is insignificant for creating

small particles according to Dohnanyi(7). He, however, did not

concern himself ﬁith attempting to calculate a lower mass limit

for méteoroids.

2) Erosion processes tend to p;oduce a great deal of very

small particles. About the only convincing process found to date

which tends to impose a small particle limit seems to be radiation

pressure.

The importance of cut-off to manned spacecraft is especially
critical in inférplanetary space, The problem is that very few measure-
ments involving meteoroids in interplanetary space are possible from the
earth. KXnowledge of the interplanetary meteoroid enviromment is presently
obtained from only two sources; observations of zodiacal light and obser-
vations of the asteroids. The existence of a lower limit on meteoroid size
in the solar system would make the zodiacal light observations yield more
information about the meteoroid population far from earth. Since it is
expected that future spacecraft will go through the asteroid belts, such
knowledge is needed about the belt. An improved estimate of the danger in
the asteroid belt cou;d be obtained from corrected zodiacal light estimates,
crushing theory, and asteroid belt observations.

Knowledge of the near-earth meteoroid enviromment would also be obtaired
since definite knowledge of the meteoroid cut-off would help greatly in

interpreting penetration data.
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LIST OF SYMBOLS

03k stress tensor
sjk , Vstrain tensor
Sjk stress deviator tensor
ejk . strain deviator tensor
uj displacement vector
fj forcing function
ij Kronecker delta
p density
® ' frequency
t time
G , cémplex shear modulus
K complex bulk modulus
E complex tensile modulus
v complex Poisson's ratio
G'yuue real part of G;...
G'y.us imaginary part of G,...
GR ' stress relaxation modulus in shear
KR ‘ stress relaxation modulus in bulk
g intensity of the relaxation spectrum for shear
b intensity of the relaxation spectrum for bulk
P, Q, P', Q' linear time operators
§ damping factor
1 V-1
Re means take real part of
Im means take imaginary ﬁart of )
r, 8, z radial, angular, and axiallcoorAinates of cylinder,; resp.

1=



T " torque

X, V, Z » " coordinates of beanm

Uos uy, u, deformations of beam

K - Timoshenko shear coeeficient

W average deflection of cross section of begm

Q ‘ transverse shear force |

M moment

U | displacemen£Vof cross section in axial direction
Y] . total angle of rotation of cross section

¢ angle of rotation of cross section due to transverse shear
A ‘ area of cross section of beam

I moment of inertia

- " a bar over a function indicates a complex function of coordinates

Subscripts:

i, k, m, ... indices for rectangular Cartesian coordinates
r, 6, z . indices for cylindrical coordinates
§ means quantity is for free vibration case

Xy, YV, 2 indices for coordinates of beam



II.

- SUMMARY

The pufpose of the investigation was to study vibrations of structures
made of alternate layers of elastic and viscoelastic materials. Many approaches
have been taken by numerous researchers to solve vibrations of the viscoelastic
materials, and the various approaches are discussed later in this report. Most
authors seem to prefer handling free vibration rather than forced vibration of
lossy materials but.their methods have been found here to be approximately
correct for small damping only. The theory of forced vibration is verified
here and the torsional pendulum is solved using damped traveling waves which
gives a physical picture of what is occurring in the bar. In addition a study
of shear deformation is made using the recent and very lucid paper on the

Timoshenko beam written by Cowper [31].

.



III. VIBRATIONS OF VISCOELASTIC MATERIAL

A. Introduction

A viscoelastic material converts mechanical energy of loading into heat.
Because of this property, viscoelastic Jlayers may be applied to elastic layers
to damp out free vibrations and to decrease the amplitude of forced vibrations.
Such multilayered media have been analyzed in the forms of beams, plates, and
shells. The viscoelastic material has been treated by many investigators by
assuming that it obeys the stress-strain laws of a spring-dashpot model [6],
[73, 181, {9], [10], [11]. But a fairly simple model describing the behavior
of a real material gives good results over only a narrow frequency range, and
taking a larger number of sprkngs and dashpots becomes mathematically unwieldy.
In solving foréeé harmonic vibrations, some authors such as Henry and Freudenthal
[12] and Biot and Pohle[13] under certain conditions correctly substitutelcomplex/
moduli for the elastic moduli in the elastic solution and consequently solve the
viscoelastic problem of the same shape gnd loading as the elastic problem. How-
ever, most authors seem to prefer treatiné free vibration [14], [15], [16],
(171, [18],'[19], rather than forced vibrati@n. The usual procedure fof free
vibration is to select the>time dependence for all stresses and displacements
as exp(iwt - 8t). This amounts to changing the.frequency w in the elastic solu-
tion to a complex frequency in addition to changing the elastic moduli to
complex values. This procedure seems to be approximately correct for small
damping only.

Ip'attempts to simplify solutions, authors have made tHe assumption that

the material‘is viscoelastic in shear but elastic in bulk [13]; [247, or,

alternately, the shear and bulk moduli have the same phase angle [13], [25].

-



Experiments have shown that neither of these assumptions is accurate. Kolsky [26]
and Lifshitz and Kolsky [29] have shown experimentally for three familiar polymers
that the tangent of the phase angle of the bulk modulus should bevtaken as two-
tenths of the phase angle of the shear modulus. Another common assumption is
that the material is incompressible [25], [27], [28].

Investigators such as Lee [20], Hunter [21], and Ward and Pinnock [22] who
are interested primarily in the presentation of the theory of deformation of a
three-dimensional linear viscoélastic body give oniy a one—dimensional theory
for harmonic vibration. In geality, it appears that the three-dimensional
vibration theory can be formulated by extending the one-dimensional case. The

three-dimensional case appears in Bland's book [2], and is also présented here.

. B. Governing Equations

The material considered is assumed to be isotropic, homogeneous, and to
obey the linear viscoelastic laws. The stress-strain laws in integral form

are [5], [21] + &g% -
V;é = Z'(GR(;F—(,() zf"‘ ¢Q‘/‘ .
- T 5 ngm ﬁq )
S {_ )3 60 el 7

where

%

() = (g@le " hr . @
ke @)= § @

(2b)
P /xog S
GR(t) and KR(t) are the stress relaxation moduli in shear and bulk, respectively,
g(t) and b(1) are the intensities of the relaxation spectrums for shear and bulk,

respectively, t is the time, and (t - u) is the elapsed time.



The differential forms of the stress-strain laws are [20]

P%-é :@@ﬂz | (3a)

/ 4
;> Mmoo (ﬁp g}moa; o (3b)

where - o ”
=S $ => g,D
P‘Mz::o (F”D / Q M=0 34
/ o2 ) # ’ / 82 /7 A
= Z D Q - (3¢)
P o 0)% p 412;0 %'n . “
and '
v n
_D71 _ _?,_._.
T . ~
Also, sjk aqd ejk are the deviator tensors for stress and strain, respectively.

They are related to the stress and strain tensors by the following equations.

o
S4 :O;/z —_?Of;wm g:;;é | © (4a)

= e L |
Eh =24 —3 rm S, (4b)
The strain-displacement relations for infinitesimal strains are

- - T N _{_.(/{ -) (5)

i/o(,& 2z ar;t)é «é,¢ :
where the comma means partial differentiation with respect to the coordinates.
The equations of motion are

- 2 ‘
A DU, ,

o Ty 85,7 0577 | ©

74, 4 2 |
where fj is the forcing function or, alternately, a function describing a source
of traveling waves. 1In simplifying the governing equations, the following
lemma from Harrington [1] is needed. 1If Re(Aeiwt) = Re(Beimt) where Re means to
take the real part, and A and B aré independent of time, then A = B. This is

*

easily verified by letting t = O for which Re(A) = Re(B), and then letting wt.= %m

for which Im(A) = Im(B) where Im means to select the imaginary part.

L.



C. Forced Harmonic Vibration

If a linear viscoelastic material experiences forced harmonic vibration
for a long enough time, a steady state will exist in which transient effects
have died out and the étresses, strains and displacements vary harmonically
in time. This statement has been used by Bland [2] in formulatingkthe general
three-dimensional equations of wave propagation in a linear viscoelastic media.
To show the validity of the statement and therefore-of Bland's work, the type
of transient term involved is defivéd in the following analysis taken from
Albrecﬂt and Freudenthal [3]. It is assumed that the body is at rest for gll
negative time, and that a shearing strain

22 = ";; Sin i | (72)

is imposed at zero time at some point in the material. The resulting shear

stress from equations (1) and (2a) is

T = 2[ 6, (r-u) 222 L
[ ("c (z‘+a)/t Y, o cos coy du
(=o L Ji=0 .

i

j!

XO[stin wl + G c&:wf]
-f/f Tw

*-Yg 5‘&7 [+T?*0™ Le | -

where

./ o0 T*w*
G OJ):S; () [+ T2 J* L | (82)

(8b)




The quantities G' and G" are the storage and loss moduli in shear, respectively.
The third term of (7b) is nonharmonic and exponentially damped in time. Denoting
this transient term as f(t) vhere
) o) e -X/c T &?/
§:;f OL fﬂ /.f./vL /.
it is noted that f(O) G" and f(t) approaches zero as t approaches infinity.

Therefore, after a sufficient length of time has passed, (7b) may be written as

T2 = 0, (6 sin wt + G cos wj~> ©)
Thus €19 and 012 may be taken in the following more convenient forﬁ after steady

state conditions are attained.

s . aedt |
g,z = (grz, e _) : : (10a)
— AWt
Re ('U/Pz € ) | o)

where the value of €19 = -%iyo gives the previously defined strain. Equations (IQ)
are the type of definitions useé in the equations of wave propagation and they
are valid for time large enough.

" The forcing function for the case of steady state forced vibration may be
cﬁnsidered as a source of traveling waves of a single frequency equal to the
frequency of the forcing function. 1In the\following,-the governing equations
for motion in a linear viscoelastic medium are simplified for wave propagation
and, in a later section, it is shown how traveling waves may be added together
to construct solutions to forced vibration problems. Following Bland [2], the
forcing function (or source), displacements, strains, ahd stresses for linear

viscoelastic media are taken in the forms

Bcéi = R (:F QMJT) ‘ (12a)
= Re CU; MJT) | , (120)




' e AL T
2’%”,3‘ = @e(%’/é = ) ) (12¢)
_ wit
Uik = Re ( U4 e ) (124)
Lt :
e=Re (Tu e (12

Sip = W»e, Cs;/;’, efwf) | (12f)

fy

"where the functions having a bar are complex functions of the coordinates and

are independent of time. Substituting (12e) and (12f) into (3a),

PR(Sje™) = @ e (T ™)
N TN

H=O (4]

The differential'forms of the stress—strain laws have been used here because they
are much simpler when used with (12) than the integral forms. Applying the

lemma and then dividing by the series in pn,'
> 9 L]

_S-" =0 %?m &
&0 ) “
Z PM ("w) '
n=o .

or, -— o

Sie= 26 4 | (130)

(13a)

I

. 8%4

where 2G is defined as the quantity in brackets in (13a). Also,

4 , V] )
Glw) = G (W) + 4 ¢ (e
The quantity G is the complex shear modulus; its components G' and G" are the

same as those defined by (8). Substituting (12¢) and (12d) into (3b) and pro-

ceeding as before, the domplex equation governing the dilatation is obtained.

vfmon = 3k gﬂ:/k (15)
o :
= _7_‘12:0 %i ()’ |
- oo
Z P 41/ ()"

MHNEO

where

3K
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and

Kl = KCo) .0k ") a6

K' and K" are the storage and loss moduli in bulk, respectively, for forced
~ vibration.

Applying the lemma and the definitions 12) tovequatlons 4%, (5,

and (6), the corresponding complex equations are obtained

St = ¢é 3 V" gdﬁg (172)
é,;é = %4 — £ G S 4 (17b)
e - ‘2'."@7‘,4 + a"g/f) - as)
T+ S5 ey =0 as
Define ﬁ _ gk "“26“
| ) 2 (6 +.7 K) (20)
and

E = 26(/*1‘—2)) (21)

where 2/ is the complex Poisson's ratio and E is the complex tensile modulus for
forced vibration.

Fquations (13) and (17) can be solved to give

m 268y + (K-56)8,n,S,4

(22)
Substituting (20) and (21) into (22),

_ E [~ 2 _ = . |
A A R

Equation (23) may be solved for the complex strain

/ + 2
244 Vé

The result is

z) T . (24)
E mm ggxg

Equations (18), (19), and (23) may be solved together to get the governing

e

quation for the complex displacements

| -
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—_ : { — [ =
“ [ Y N L s
{,(01)@/2 + [»2“& (/(741)14{(% + G :S,ﬁﬁ
. | ‘
+—Jg£ﬁ2 U, = CD : (25)
c &
The forcing function may be dropped from the governing equation and applied
inétead through the boundary conditions. If this is done, (25) becomes
vl , [ - ) s E—
Uy, £l + T2 Ymyny *‘“@z: nyz =0

or, in vector notation,‘

(V + T—— ) (/%,f + 1127)&{7&(?)7 &7/@;); O (26)

.(—
where ej is a unit vector in the direction of the coordinate xj.

D. Free Vibration

An exact solution to the equations of viscoelasticity for free vibration
appears to be much more difficult;to obtain than for forced vibration. The
standard procedure in solving free vibration problems in viscoelasticity is,to.
assume the time dependence to be of the form exp (iwt -~ 8t) which may also be
written as exp(i[w + i6]lt). This assumedvtiﬁe dependence can be imposed on the
equations for forced harmonic vibration by substituting w + i§ for w in the
governing equations. However, this procedure results in a shear modulus for

free vibration, G, which is different from the one for forced vibration, This

§
is demonstrated in the following example, It is assumed first that a speciﬁen
is forced to vibrate at a natural frequency until all transient effects have

become negligibly small. Then zero time 1is taken as the time when the load is

removed after which the specimen is allowed to vibrate freely. The deflection

for this motion is Lot
. —_— J.
U ,g(fib(afe“ ) ) To0 <t <o _
4, T — At - ) (27)
S &Cud 8‘ ) ) ya = O
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Hence the shearing strain €19 is
' —_ L E
< - Ro (£, € ) )woo<)f‘<0
2 - .
— AWt -$t (28)
VZA(?,Z(_Q gj) /‘(’~>o

- The corresponding stress may be found by substitutlng (2a) and (28) into (1).

Re ) §22 Gp(t-u) o (Frve ™) du
IZCR (fl )Q‘Q“ g e et Su)ﬂu

(29)
» . w -~
Tro= e j 26 5™
ﬁ;%{zg'g(v)e/’ Tl
° (4 Ceo” (30)
rw=St(l- Yf}wu CCpy
where (7 Sﬁi)za%'ff
Go=G +4i6 - e
S YL é‘

GS/ _ 5 %() —st(l- sz) aQ o

)+(

fgg(t [(/ ,V)z+t 1]492' . "(‘3%)

A comparison of equations (8) with (32) reveals that G may be obtained from

Y

G6 in theory by setting § equal to zero in (32). But the shear modulus is a

" material property and is independent of the nature of the loading applied. Thus
;he assumed time deper}dence for free vibration leads to. the erroneous conclusion
that the shear modulus for free vibrgtion is different ffom the one for forced

vibration. However, when § is small, G, is'nearly equal> to G, and exp(iwt - 8t)

)

may then be valid approximately for damping small enough,
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No exact solutions for free vibration of a viscoelastic specimen have been
found in a search of the literature, and all efforts to find such a solution

under this project have so far been fruitless.

E. Circular Cylinder in Torsional Oscillation

For forced torsional oscillations of a circular cylinder, all normal strainms
are zero in the usual circular cylindrical coordinates (r, 6, z). Thus the

dilatation vanishes, and (26) becomes

2\ - s .
(vz4%)ue:0 (33)
. - ¢ S | |
Furthermore, only the angular displacement u, has a value in this case,

)

Therefore, (33) reduces to
: 2y S ‘ ' '

(Vl'f“-@é-‘l ) U Eo = O (34)
Equation (34) is known as a ﬁector wave equation., Complex equations of this
form occur in the study of elect;omagnetic wave propagation in lossy mediaf[l].
Thus the well-developed electromagnetic wave tﬁeory ﬁay be used as a guide in
constructing solutions to (34).

Torsional waves in a circular cylinder travel in the axial, or z, direction.

A plané torsional wave traveling in the positive z direction is given by

— »fA;AZEE ‘
U = V() e - (35)

where
/- 1 -
L=b-.! 2
- In electromagnetic wave theory, k' is called the propagation constant, and k"
is known as the attenuation constant. These quantities have the same names in

-

linear viscoelasticity even though they are in reality not constants,; but




=14~

functions of frequency. The same wave as (35) traveling in the negative z
" direction is expressed as :

= V) e 4= o
Consider an infinitely long cylindrical bar witﬁ a source .of plus z traveling
waves of torsion located at a large negative value of 2z and én identical source
of negative z traveling waves located at a large positive value of z. The
wéves will interact to produce a displacement-free surface af the origin when

the displacement is the difference of (35) and (37).

V) (4= o= 4%) o

For k" not equal to zero, there are no other displacement-~free surfaces. The

from (22) and (18) is

— . ’9(/(9 (39)
V;:’G’ = Gaz .

Substituting (38) into (39)

To =GVl (7% “

It can be shown with this equation that for k" not equal to zero, there are no

complex stress 90

surfaces free of this stress. Substituting (38) into (34) and simplifying, the

relatlonshlp for V(r) is obtained.

éfr T 3T (V)] Qé) V*’ \/ O . _(4.1)
“1:“%):-',42 | | (42)

‘gffrw(’f )]*”(ZV =0 ’ “3)

- The solution for « = 0 is

- 2 | %
V= A+ + — o ) |

Let

Then
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For a solid bar, B = 0, and : )
V = A+ (45)
Substltuting (45) into (38)
Hz /tégi? o
=Ar(e - (46)

For « = 0, (42) gives

g2 _ pe?* | 47)
F=%

The shear modulus may be expressed in terms of its magnitude, lG], and phase

angle, Y, by

/G/@ ¥

This can be used to solve for k' and k" from (47). The result is

1 [ ' |
A= /'217 Cosz (482)
2 //‘g'/ Sin {— (48b)

The shear stress E;e must vanish on thevéurface of the bar. Equations (18)

and (22) expressed in cylindrical coordinates and solved with (46) yield

—

Ure = 2G&,,
= C })aa (/19]

=0

It can be shown that all stresses vanish except S,a°
Since (46) gives no displacement at z = 0, it is also the solution for a

semi-infinite circular bar'built in at z = 0 1f the portion of the bar along the

negative z axis 1is éiséarded. The solution may then be interpreted physically

as a train of waves emanating from a source at a large value of positive z and

reflecting from the fixed end at the origin. The soiution,fog forced oscillation
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of a torsional pendulum in terms of the torque applied at one end may also be

obtained from (46). A plane perpendicular to the z-axis is passed through the

semi-infinite bar at z = L, and the portion of the bar beyond z = L is discarded.

A forcing function placed at z = L exactly duplicates the stress distribution
occurring before the cut was made. From (40) and (45), this stress distribution
F 20 bz Ll
20 =GAT € —e (49)
Zz=1
The applied torque is

T = Re C? e jwf) | 7 | (50)

: 21 & .
T < A L <
I 5 f TVap T&rde | s1)
. g0 F=0 Z=1 |

where a is the radius of the cylinder. Substituting (49) into (51) and solving
for the constant A,

AN -l
A :%4 [Gfa,é (e‘%zw e"éz)] (52
The deflection from (46) and (52) is ]
a@ ) _%i:’r (e»t‘ﬁz-__‘g;xéz)
ol chG (e +

Since the deflection varies linearly with r, it mayrbe duplicated experimentally

/v ) (53)
v

by attaching a rigid disk to the end at z =1 and forcing the disk to oscillate.

For an elastic material, (53) becomes
— 2F 4 sin Pz
(f(g T frat A6 ces B L

The viscoelastic deflection could have been obtained from the elastic solution

T (54)

(54) by making k'and G complex. A third technique is used by Berry [4] who

is
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seems to be the first to havé solved torsional oscillation of a viscoelastic
pendulum. He used a separation of variables technique and applied the forcing
function through the boundary conditions. The advantage of using traveling
waves to construct a solution is that it gives a physical picture of what is

occurring in the bar.
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IV. SHEAR DEFORMATION OF A BEAM

A. Basic Analysis

In the following, a study is made of the Timoshenko beam which includes
the effects of rotary inertia and shear deformation in the governing equations.
Shear deformation and rotary inertia also occur in a shell, but a study of
these effects in a beam gives all the information necessary to understand the’
same effects in a shell and has‘the advantage of involving only one coordinate
in the governing equations. The ultimate application of the derived theory
presented here will be to vibration of multilayered shells.

The initiallanalysis is taken from Cowper's [31] derivation of the beam
equations by integrating the equations of elasticity over the cross section

of the beam. The beam coordinates x, y, z have directions as shown in figure 1.

! -
/= | Y,
Figure 1

The deflections u, and u in the z and x direétions, respectively, are'written as
Uz = W +1L, " (55a)
Ur = U + 29 Uy - (55b)
_ | .
= L 56b
U =3 ffa,«/gd’z A cev)
- ;l, ' * (56¢)
j“; B Igzaw@;ﬁz

where
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W is the average deflection of the cross section in the z direction, U is the
average'displacement of the cross section in the x direction, ¢ is the average
angle of rotation of the cross section about the neutral axis, A is the area of
the cross section, and Vk and Vz are residuals. Integrating equations (55)

over the cross section and applying equations (56) yields
gg%%ﬁ%{fﬁ(%fa =”z?5¢%4@:0 | (57)

The equations (55) are substituted into the following stress-strain relation

from elasticity.

QUZ +9L{y _ V,:{fz ' | (58)

| 2y 2z &

The result is
W +§ = Vaz _ 2Ux _2lk . (59)
0¥ G a3 X ~

This is integrated over the cross section to obtain

ol

2=+ ¢ = @ _ / g Byd=z (60)
K AG -
Cowper assumes that the distribution of the residual, Vs for a vibrating beam
is the same as the distribution for a static load on the beam. This allows him
to evaluate the last term in (60) as a constant times the factor AG . After per-
forming the integration, (60) becomes . »
. 9—-‘/—‘—’/ -+ z . , (61)

. AX TXAG ,

where « is called the Timoshenko shear coefficient. It is easily seen that if

v, is neglected in (60), the result is

QW
'Q’X

' . (62)
te - AG -
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which is the same as setting K equal to unity in (61). TFor elementary beam

theory, the shear deformation is neglected and (60) becomes

AW ~
Y ¥ I = O x : (63)

Three other equations derived by Cowper are

DCQ +P = Q | (64a)

.é‘./‘.i*., _ D’@
AX @“QI;@”’

(64b)

E I =M (64c)

where ‘
fj Z U;’?‘{ p%k £:Z is the bending moment acting at a

section, I is the moment‘of inertia of ihe cross section, p is the total‘force
acting in the 2z direction on the beam, E is the tensile modulus, and P is the
density. The governing equation on W can be obtained by eliminating the unknowns
Q, M, and ¢ in (61) and (64). The deflection W may further be written as

W = LVCJ T L\Go
where WH is the homogeneous solution to the governing equation on W, and W is

the particular solution. Assuming a harmonic time dependence, the equation

governlng W is /

xz‘*w
[m e
*%@“[% -4y, =0 )

+
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A quantity which is needed later is ¢ which is the rotation of the cross

section due to transverse shear.

W -
e

tities is

® .and ¢ are positive when measured counterclockwise, but

Its relationship to previously defined quan-

- (66a)

A is positive when-

measured clockwise in the coordinate system used here. Equations (66a) and (62)

lead to

B. Segmented

(66b)

Normals

The warped surfaces of certain statically loaded beams are known functions

of the beam coordinates, and Cowper assumed that these surfaces were the same

as the warped surfaces when a vibratory load was applied. This led to an equa-

tion for the shear cgefficient as a function of Poisson's ratio.

For an elastic

shell, the shear coefficients have been found by means of a free vibration

solution, but this is not practical at this time for viscoelastic materials since

free vibration of these materials has not
mathematically as yet. Another procedure
tion than unity for the shear coéfficient
each of which can rotate independently of
remains straight after deformation. This
Timoshenko beémiin order to show the kind

this method.

The solid beam is first divided into

been satisfactorily described

which in effect gives a better approxima-
is to divide the normal into segmengs

the other segments but each of which
procedure is applied here to the

of accuracy that may be expected from

three layers of'equal thicknesses as

shown in figure‘2 for the purpose of assigning a number to each of the segments
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of the normal. A subscript on a variable will refer to the corresponding layer,
and the same variable without a subscript indicates a quantity which describes

the beam as a single unit. The deflections will be taken as follows:

| — ) — # (67a)
6(55, - é(iﬁi— = ZRCZEg — &M/ .

~
N
(f

Ui + (= + 34) s ()

Ur, = Ur -+ %é'z, (6?0)
[/(23 = U3 o+ - é)§3 (674d)

L

Ul’ U2, and U3 are shown in figuré 3.
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Equation (58) integrated over each layer yields the following three equations.

b +2W & - s
oo AG |
= >W ®. (68b)
422'-+- —_— T
QX A= G
3 2A %Mgc; : o . .
where o v> . | | : ) , .
Ql + Q‘L+ @3 = @ ' A (69a)

A=A = A= ta

(69b)
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Also, the following assumption is made.

561 - @-3 . (?Oa)

which leads to
Q, = Q3 | (70b)

The result of adding the equations (68) and applying (69) and (70) is

N oW @

3 (23;9/ + éz) + pY% - ”A‘é‘ ~ (71a)
The three following equations are derived similarly.

VR D l«,

S 09 ﬁ/} ‘ (71b)

2 .
-0~ f'v—“ 35’ /3 D:ifz] (1) T

@;{‘7'
ra ) ‘
M — EA4 3% ?_g_:‘ + /3 2_@ (714)
324 22X 2K
The four equations (71) involve the five unkﬁowns <I>l, <I>2, W, Q, and M. Thus

another relationship between these variables must be found.

* From (66), (68), and (69b),

J | -
-@ +Bl | 720
_ W -
¢1 - 2 + ax | (72b)
and '
3¢
d)l = A’G‘A (73a)
[} _ 3@’1»
¢ AG (73b)
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Also, (70) and (68) yield ¢3 = ¢l. VThe angles ¢1 and ¢2 are the fotations of
the segments éf normal due to transverse shear. A relationship between ¢1 and
¢2 can be chosen to make the shearing stresses have the best fit to a parabolic
distribution in the z-direction. This is accomplished by first writing a
parabolic distribution for Oy The correct result is |
9 :
V;if’z“gf%}(ﬁ‘”zz) | | (74)

Next, the average of Oxz is taken over each layer.

§§\K2é€3 46%%’4?22 = Q) | | R | (75a)

LAYERT I,

3 : ‘ - (75b)
gg V}z» Qg](él = Qz,

LAYER #2 .

The final result of evaluating equations (75) and using (73) is

: - ,
= — ' 76

¢ = iz ¢ (76

The functions ¢l, ¢2, @1, ®2, M, and Q ma§‘be eliminated from equations (71), (72),

and (76) resulting in the governing eqﬁation on W. The result for W, assuming a

H

harmonic time dependence is

A?41A4q [ lgﬁéi?.jL ;T)l‘Aéz;Ltté#
a7

K= _pan o 2
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for three segments of normal. Cowper's value for « which allows the normal to

" warp is (for a rectangular beam)

10 (1+2))
K= 2+ 11D ~ N (792)

where v is Poisson's ratio. (79a) gives

Y
0

) = 0'733 . for 2 (79b)

Y

0.5 (79¢)

= 0957 fo+ 2

For a single straight normal with warping neglected,

\

X = oo -~ (80)

A comparison of (78), (79) and (80) reveals that dividing the normal into three
segments decreases by more than 507 the difference between the shear coefficient
for a single straight normal with no warpage and the best known value of the
shear coefficient as detérmined.by Cowper. ‘Dividing the normal into more than
three segments should improve the accuracy further. As mentioned previously,
the purpose of applyiﬁg this analysis to a beam wés to evaluate‘the accuracy of

the method before applying it to a shell.
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Viscoelasticity,! Journal of the Acoustical Society of America, Vol.
No. 6, June 1964, pp. 1110-1117
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